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Abstract 
DNA nanotechnology harnesses the predictability and specificity of canonical base pairing 
interactions to enable the synthesis of complex DNA nanodevices capable of interacting with their 
environment in a controllable manner. Wireframe DNA origami are a class of highly customizable 
DNA nanoparticles that can be folded into near-arbitrary 2D or 3D geometries upon which ligands 
can be attached and organized with nanoscale precision. Due to their versatility, DNA origami 
have been designed for a wide range of applications in a variety of fields ranging from chemistry 
to computer science, and there is substantial interest in harnessing DNA nanostructures for 
therapeutic applications. However, an understanding of how the immune system responds to 
wireframe DNA nanostructures is currently lacking. Furthermore, it is unclear how controllable 
design parameters such as scaffold sequence, nanoparticle geometry, or ligand organization 
influence immune activation.  
 
In my thesis, I begin by describing a method for scalable bioproduction of circular single-stranded 
DNA that provides a high degree of sequence control and opens up opportunities for scaffold 
engineering. I demonstrate the design and production of two different scaffolds in both shaker 
flask and bioreactor setups, then validate the application of this method towards DNA 
nanotechnology by characterizing the successful folding of wireframe DNA origami from each 
scaffold. Using nanoparticles folded from one of these engineered scaffolds, I next investigate the 
molecular mechanisms by which wireframe DNA nanoparticles interact with innate immune 
receptors. I start by characterizing immunological recognition of unmodified wireframe 
nanoparticles and find that they induce Type I IFN expression primarily through cGAS-STING, 
while TLR9 is very minimally activated. I then enhance the ability of these nanoparticles to 
activate TLR9 by attaching discrete copy numbers of immunostimulatory CpG motifs at precise 
spatial positions and show that activation levels can be controllably tuned by changing the 
nanoscale organization of CpGs on the nanoparticle. Finally, I delve further into how design 
parameters such as nanoparticle geometry, inter-CpG distance, CpG copy number, and spatial 
presentation can be used to modulate innate immune activation. Overall, this work identifies 
specific nanoparticle properties that impact immunological recognition and sheds light on design 
principles that enable the production of immunomodulatory DNA origami. 
 
Thesis Supervisor: Mark Bathe 
Title: Professor of Biological Engineering 
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Thesis Overview 

The development of DNA nanotechnology in recent decades has enabled the rational design and 

synthesis of highly programmable DNA-based structures capable of sensing and interacting with 

their environments in a myriad of ways. Although a vast spectrum of architectures has been 

developed, ranging from static DNA tiles to dynamic therapeutic delivery vehicles that ‘unlock’ 

in the correct environment, the fundamental principle underlying the design of all DNA 

nanostructures is the same as the principle which dictates the iconic structure of the double helix: 

the predictable and specific interactions between complementary nucleotides. The preferential 

binding of adenine (A) to thymine (T) and cytosine (C) to guanine (G) has not only been utilized 

in nature for hundreds of millions of years to write and regulate the genetic information contained 

in all living creatures but has also been co-opted in recent decades to enable the use of DNA as a 

controllable nanomaterial.  

 

DNA nanoparticles are assembled from several to several hundred oligonucleotides which 

hybridize to each other according to these well-defined base pairing interactions. DNA origami, a 

sub-branch of DNA nanotechnology, relies on the folding of a long single-stranded scaffold into 

specified shapes by the binding of numerous short staple strands to multiple complementary 

sequences along the scaffold, bringing regions that are far apart in sequence space into close spatial 

proximity. By programming the sequence complementarity of their composite oligos, either 

manually or using automated design tools, it is possible to create 2D or 3D nanoparticles of near-

arbitrary geometry. Furthermore, the addressability of DNA assemblies enables attachment of 

ligands with nanometer-scale control over their spatial positioning and orientation. These unique 

advantages, along with the relative ease of DNA oligo synthesis, have spurred the increasing usage 
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of DNA as a nanomaterial and established DNA origami as a versatile platform for the 

development of complex nanodevices suitable for applications in a wide variety of fields requiring 

precision engineering and a high degree of spatial control.  

 

In this chapter, I will provide a brief introduction to several areas of ongoing research which are 

relevant to my thesis work. I begin with a brief history of DNA nanotechnology, outline some 

limitations of DNA origami design and synthesis, and summarize several technological 

advancements that seek to tackle these challenges. Additionally, as nucleic acid nanodevices are 

increasingly being designed for therapeutic purposes, it is therefore important to understand the 

manner in which they interact with the immune system. As a result, in the second half of this 

chapter, I transition to a discussion of pattern recognition receptors within the innate immune 

system, focusing specifically on several DNA-sensing immune receptors which are most likely to 

mediate nanoparticle-induced immune responses. Finally, I describe the motivation for my thesis 

work and lay out the structure of the subsequent chapters of this thesis.  

 

The development of DNA nanotechnology 

Since the pioneering of the field of DNA nanotechnology by Ned Seeman in 1982, there have been 

numerous scientific and technological advancements in this area which have enabled the design 

and synthesis of custom DNA nanodevices of near-arbitrary geometry and designed with 

nanoscale precision that are capable of interacting with the environment in programmable ways1.  

 

The biological principle underlying the development of the field of DNA nanotechnology is the 

fact that branch junctions, which DNA assembles into during genetic recombination, can be 
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redesigned in order to achieve specific outcomes. Holliday junctions, a type of natural branched 

DNA structure composed of 4 strands of DNA arranged in a ‘+’ shape, are intrinsically unstable 

due to sequence complementarity that enables the sliding of the junction along the composite 

strands. Seeman showed that DNA oligos could be made to preferentially associate into immobile 

Holliday junctions by minimizing internal sequence symmetry, and further postulated that 

macromolecular networks of nucleic acids could be rationally constructed by assembling multiple 

Holliday junctions together using sticky end ligation1. Seeman and colleagues followed up on this 

work by designing and synthesizing a 4-arm junction, then expanded upon this to assemble highly 

branched structures ranging from immobile 5-arm junctions up to 12-arm junctions2,3. 

 

Shortly after Seeman described this immobile Holliday junction, Fu and Seeman demonstrated 

that two Holliday junctions could be joined together to form a double crossover (DX) molecule, 

in which two double helices are held together either in parallel or in the more energetically 

favorable antiparallel conformation by two DNA crossovers4,5. The design of this DX ‘tile’ then 

inspired the creation of constructs such as a rigid 4x4 tile, a six-point star tile and a six-helix bundle, 

all of which can either exist as individual units or self-assemble into macroscopic, periodic 

structures6–8. Apart from periodic structures, Yan et al. also designed self-assembled, aperiodic 

DNA lattices, which were formed by the alignment of several DX tiles around a long scaffold 

DNA strand and could be extended further into ribbon lattices by functionalizing the individual 

units with sticky ends9.  

 

 

 



18 
 

DNA origami 

In 2006, Paul Rothemund published a paper introducing the concept of DNA origami, wherein he 

described the assembly of 2D structures ranging from rectangular shapes to smiley faces from a 

single long ‘scaffold’ strand and hundreds of shorter ‘staple’ strands10. To design these DNA 

origami, the desired shape must first be visualized as parallel cylinders, which are simplified 

representations of the DNA helices. These helices are constrained to be integer number of turns in 

length, where each turn of the helix is ~10.67 bases in length, and are held together using double 

crossovers, which are designated locations where staple strands that are partially hybridized to one 

helix cross over to a programmed region on adjacent helix containing a complementary sequence. 

These crossovers are separated by ~1.5 turns, or ~15-16 nucleotides, to ensure that all of the staples 

are aligned within the same plane throughout the entire origami. This also enables the routing of a 

single scaffold strand through the shape such that it forms the second strand in every helix in the 

design. Once the staple crossovers and scaffold routing are fixed, given a scaffold sequence, the 

staple sequences can be determined as well. DNA origami of near-arbitrary shapes can be 

synthesized through this method, and additionally, by simply reprogramming the staple routing, 

many different geometries can be folded from the same scaffold. 

 

DNA origami synthesis proceeds via the folding of the long single-stranded scaffold into 

prescribed geometries through the programmed hybridization interactions with numerous short 

single-stranded staple strands. Each staple binds to a unique set of sequences on the scaffold, 

bringing regions that may be far apart in sequence space into close physical proximity. The 

cooperative binding of the staple strands to their complementary scaffold sequences folds the 
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scaffold into the target geometry over the course of a thermal annealing process in which the 

temperature of the folding mixture is raised to 95C and gradually cooled to 25C over several hours.  

 

This general DNA origami design has been used to create many different classes of single-layer, 

3D DNA structures. One example of this is the folding of rigid 2D planar origami into 3D 

geometries, such as a box with a controllable lid, by the careful placement of single-stranded 

scaffold ‘hinges.’ Another extension of this method has been to design crossovers such that they 

would not be separated by an integer number of half-turns and therefore would not be arranged on 

a single plane, introducing a controlled curvature. A demonstration of this method was the creation 

of an origami nanotube by Douglas et al. in 200711.  

 

Additionally, besides the folding of DNA nanoparticles from tightly packed sheets of parallel 

double helices, wireframe DNA origami can be created by designating multi-arm junctions with 

controlled angles as vertices and pairs of antiparallel DNA helices as edges12. While the 

development of wireframe origami enables the construction of increasingly complex architectures, 

designing these structures manually becomes correspondingly more difficult, prompting the 

creation of many different computer-aided design algorithms.  

 

The first design algorithms developed required some level of technical understanding of DNA 

origami design principles on the part of the user. Software such as caDNAno and Tiamat enabled 

the automated assignment of staple sequences based on a scaffold routing pattern, but manual input 

of the routing and crossover design was necessary, therefore restricting the routine use of these 

design tools to those well-versed in the field13,14. In comparison, the next wave of design tools 
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were relatively more accessible and less technically demanding, as these programs, such as 

TALOS, PERDIX, METIS, and DAEDALUS, fully automated the scaffold routing and staple 

design for any user-defined shape15–18. Finally, the most recently developed algorithms, Adenita 

and ATHENA, integrated design features from previous generations of software to provide the 

most streamlined and user-friendly experience for DNA origami design19,20.  

 

DNA origami scaffold and staple synthesis 

Apart from the development of more user-friendly design softwares, recent advancements in 

scaffold and staple production have also enabled the design of increasingly customizable 

wireframe DNA origami. Synthesis of short staple oligos, which are typically between 30-100 

nucleotides in length, can be accomplished rapidly and at low cost through a variety of chemical 

and enzymatic approaches, including asymmetric PCR from a double-stranded DNA template21, 

in which one primer is added to the reaction mixture in molar excess over the second primer to 

selectively amplify a single strand of the template DNA, as well as de novo solid-phase 

oligonucleotide synthesis, in which oligos of up to ~100 nucleotides can be synthesized at costs of 

several cents per nucleotide and on the scale of tens to hundreds of nanomoles per oligo22. However, 

production of kilobase-length scaffolds at the milligram quantities required for in vitro cell-based 

and in vivo assays is still somewhat prohibitive. Solid-phase synthesis is currently limited to per-

base incorporation efficiencies of 99 – 99.5%, which severely restricts the length of oligos that can 

reliably be produced using this method. While the expected yield for oligonucleotides of up to 100 

nucleotides is between 37 – 60%, the expected yield for oligos of 200 nucleotides drops to 13 – 

37% and even further to <0.01–1% for a 1 kilobase oligo. Additionally, although it has been 

demonstrated that enzymatic approaches such as asymmetric PCR, exonuclease digestion, rolling 
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circle amplification or biotin-streptavidin separation can be used to generate ssDNA sequences of 

10kb+, the primer design is often complex, the protocols require optimization on a case-by-case 

basis, and the reaction efficiency tends to be limited by physical constraints such as polymerase 

processivity and streptavidin dissociation23. Furthermore, as each of these methods involves the 

presence of dsDNA, the downstream purification process required to ensure the isolation of pure 

ssDNA from residual dsDNA contamination introduces yet another complexity to the ssDNA 

production process.  

 

In order to circumvent the aforementioned limitations surrounding kilobase-length production of 

ssDNA, the field of DNA nanotechnology has traditionally relied heavily on a commercially 

available 7492 nucleotide variant of the circular single-stranded M13 bacteriophage genome. The 

high phage titers that can be achieved within bacteriophage-infected E. coli cultures allows for 1-

10 mg of purified ssDNA per liter of shaker flask culture, while high-density bioreactor 

fermentation of bacteriophage-infected E. coli has enabled the rapid and efficient production of up 

to several hundred milligrams of M13 ssDNA in one liter of bacterial culture. As the purified 

ssDNA from these biofermentations could theoretically be used directly as scaffolds for DNA 

origami, this eliminates the need for a dsDNA intermediate and enables the production of in vivo 

quantities of DNA nanostructures. However, while this approach represents a significant 

improvement over previous methods, the reliance on the M13 bacteriophage genome severely 

limits the sequence space available for nanoparticle design and the presence of coding sequences 

within the genome may be undesirable for a variety of purposes, most notably therapeutic 

applications. To address this issue, helper plasmid systems have been developed which harness 
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the M13 bacteriophage replication machinery to allow for the production of circular ssDNA with 

near-complete sequence control.  

 

M13 bacteriophage  

M13 is a filamentous, lysogenic bacteriophage which is natively composed of a 6407 nucleotide 

single-stranded circular DNA genome encoding 11 viral proteins enveloped in a protein capsid 

comprised of 2700 copies of the p8 major coat protein and 5 copies each of the minor coat proteins 

p3, p6, p7 and p9. Upon successful infection of E. coli cells carrying the F pilus, M13 phage 

replication and occurs continuously within the host cell. While the viral reproduction process 

introduces an additional metabolic burden on the host cell, slowing its growth and lengthening the 

doubling time, infection of E. coli with M13 nevertheless does not induce lysis.  

 

M13 replication is initiated upon delivery of the single-stranded phage genomic DNA (+ strand) 

into the cytoplasm of the host cell through binding of p3 to the E. coli F pilus. Bacterial enzymes 

convert the single-stranded viral genome into its double-stranded replicative form (RF DNA), 

which consists of the (+) strand and its complementary (–) strand. DNA polymerases can then bind 

to and replicate the newly formed RF DNA, from which mRNA transcription is immediately 

initiated, while rolling circle amplification, mediated by p2 and p10, occurs in parallel to produce 

additional copies of single-stranded (+) strand DNA. This cycle of replication continues until a 

threshold concentration of phage protein p5 is reached, upon which numerous copies of p5 begin 

binding to (+) strand ssDNA, sequestering it and preventing its conversion into dsDNA24.  
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The formation of this p5-ssDNA complex also serves as a signal for the phage assembly complex, 

consisting of p1, p4 and p11, to assemble the major coat protein p8 and tail virion minor coat 

proteins p7 and p9 around the ssDNA genome while simultaneously removing p5. Phage capsid 

formation is complete when the head virion minor coat proteins p3 and p6 are attached to the 

capsid and interact to form the p3-p6 complex, which is necessary for correct termination of phage 

assembly25. Besides mediating the packaging of the ssDNA genome into viral capsids, the 

assembly complex is also critical for export of fully synthesized phage from the host cell. The 

inner membrane spanning protein p1 interacts with p4, an outer membrane spanning protein, and 

p11, an inner membrane-anchored periplasmic protein, to form a channel through the host cell 

membrane through which newly synthesized phage are extruded26.  

 
Engineering M13 
 
M13 has been extensively studied and characterized in the several decades since it was discovered 

in the 1960s, while its simplistic structure, limited number of encoded proteins, and ease of 

amplification have proven highly beneficial for genetic engineering. Indeed, the method of phage 

display, for which the 2018 Nobel Prize in Chemistry was awarded, takes advantage of the fact 

that coat proteins of phages such as M13 can be readily engineered to display proteins or peptides 

of interest on the surface of phage particles while the corresponding gene remains encapsulated 

within the phage. Although any of the coat proteins could hypothetically be used for phage display, 

the two most frequently used coat proteins are the major coat protein p8 and the minor coat protein 

p3. While p8 display still typically uses bacteriophage vectors, engineered p3 is more commonly 

expressed from phagemid vectors27. 
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Phagemids are plasmids which contain a bacteriophage-derived f1 origin of replication (f1 ori) and 

packaging signal in addition to the typical plasmid origin of replication. Due to the presence of the 

two origins of replication, phagemids are not only capable of double-stranded replication like 

standard plasmids but are also imparted with the capability to be replicated as single-stranded DNA 

and subsequently packaged into viral capsids for export from the host bacterial cells. While the 

majority of the M13 genome consists of coding and regulatory sequences, phagemids need only to 

contain the two origins of replication and, optionally, an antibiotic resistance gene. This allows for 

significantly greater flexibility in terms of sequence design, as custom sequences of up to several 

kilobases in length can easily be inserted into the phagemid using traditional cloning methods such 

as Gibson or Golden Gate. However, as the phagemids themselves lack all phage protein coding 

genes, they are unable to create functional phage and therefore behave like regular plasmids in 

uninfected bacterial cells, only regaining their full functionality in cells which have been infected 

with bacteriophage or helper phage, or alternatively, co-transformed with helper plasmids.  

 

Helper phages are bacteriophages which have been engineered to have disrupted packaging signals 

and often contain a plasmid origin of replication as well as an additional antibiotic resistance gene. 

The most frequently used, commercially available helper phage is M13KO7, which contains a low 

copy number plasmid origin of replication (p15a) and a kanamycin resistance gene inserted into 

the M13 origin of replication. While the packaging signal functionality is not completely abolished, 

and therefore production and export of M13KO7 particles is still possible in the absence of 

phagemid DNA, phagemids containing a wild-type f1 origin and packaging signal are 

preferentially packaged and exported from the cells. However, this methodology produces 

heterogenous populations containing both the engineered phagemid and M13KO7, which not only 
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reduces the yield of phagemid particles but also requires additional downstream purification steps 

to isolate the target phagemid ssDNA from the similarly single-stranded M13KO7 genome.  

 

One method that has been employed to circumvent these limitations is the use of ‘helper plasmids,’ 

plasmids which contain all of the requisite M13 protein-coding regions but have had the M13 

origin of replication excised28. The removal of the packaging signal contained within the origin of 

replication ensures that the helper plasmid cannot be packaged and exported from the host cells, 

thereby enabling the production of pure phagemid ssDNA. The M13cp helper plasmid was 

designed in this manner and additionally contains a chloramphenicol resistance gene as well as a 

copy of the p15a origin of replication to maintain low copy numbers of the helper plasmid within 

the host cell. Since this method has been reported, many unique approaches have been developed 

that leverage this helper plasmid system combined with innovative phagemid design in order to 

produce pure ssDNA of custom sequence. 

 

Figure 1.1. Schematic of engineered phagemid and helper plasmid within an E. coli cell. The f1 

origin (orange) and protein coding genes (blue) of the M13 bacteriophage genome can be split into 



26 
 

two separate functional plasmids which can operate independently. This enables the design and 

production of custom sequence phagemids without the presence of M13 protein coding genes. 

Phagemids can be replicated, packaged and exported from cells that have been co-transformed 

with the helper plasmid (blue). 

M13-based ssDNA production methods 

Phagemids have much greater sequence customizability compared to the M13 bacteriophage 

genome. However, the plasmid and bacterial origins of replication, along with the antibiotic 

resistance gene, comprise a 2-3kb sequence fixed region. The minimum possible length of the 

phagemid is constrained by the size of this fixed region, thus somewhat limiting the utility of this 

method for the design of scaffolds that require complete sequence control. To increase the degree 

of control over phagemid sequence customizability, several attempts have been made to minimize 

the size of this fixed region by modifying the f1 origin of replication.  

 

Dotto et al. demonstrated that the f1 origin is used for both initiation and termination of (+) strand 

synthesis, and that these while these initiation and termination domains are overlapping, they are 

sufficiently distinct such that they can be individually inactivated without significantly affecting 

the function of the other29. Specthrie et al. followed up on this research by sequentially inserting 

the minimal sequences for the (+) strand origin of replication, the packaging signal, and a truncated 

(+) strand origin of replication into an existing plasmid vector30. The truncated origin of replication 

was recognized as the site for termination of ssDNA synthesis as well as for recircularization, and 

therefore the phagemid design enables the production of circular ssDNA containing only the 

sequence flanked by the initiator and the terminator. Co-transformation of this phagemid and 

helper phage into E. coli demonstrated the successful packaging of circular ssDNA of as little as 

221 nucleotides in length into ‘microphage’ particles.  
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More recently, Nafisi et al. constructed a phagemid, termed ‘pScaf,’ which integrated the findings 

from Dotto et al. and Specthrie et al. and further optimized the design in order to enable the 

construction of custom length ssDNA scaffolds and improve the purity of the resulting ssDNA 

product31. Their pScaf vector, similarly to Specthrie et al.’s design, also had a fixed sequence 

containing an M13 origin of replication, a packaging signal, and a terminator derived from a 

second, truncated M13 origin of replication. However, a cloning site was added between the 

initiation and termination domains to facilitate insertion of additional custom sequences, and the 

sequence of the terminator was optimized through a mutational screen in order to minimize its 

ability to serve as an initiator of ssDNA replication, therefore reducing the amount of off-target 

sequences produced via this method.  

 

An alternative method developed by the Dietz lab utilizes a custom-sequence phagemid with 

helper plasmids or helper phages, but instead of minimizing the length of the fixed sequence, they 

integrated self-excising DNAzymes into the phagemid backbone32. DNAzyme self-excision is 

induced by adding ZnCl2 to the purified phagemid ssDNA, and sequences that were inserted in 

between two DNAzyme cassettes are separated from the rest of the phagemid backbone. However, 

unlike the previous methods, DNAzyme excision results in linear products, which may be more 

susceptible to nuclease degradation. Nevertheless, this approach enables the simultaneous 

production of DNA origami scaffold and staple oligos, streamlining the DNA origami production 

process.  
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DNA nanotechnology and the immune system  

The emergence of technologies such as those described above, which facilitate the production of 

ssDNA scaffolds of custom length and sequence, has contributed to the development of DNA 

nanotechnology for a variety of applications in fields ranging from materials science and 

biophysics to molecular computing. One particular avenue of research which has benefited 

significantly from these technological advancements has been the design of DNA nanodevices for 

therapeutic and prophylactic applications. The deployment of these nanodevices in in vivo 

environments, whether in model organisms or in humans, means that they must be designed not 

only to perform a particular therapeutic function but also with their potential interactions with the 

immune system in mind. The ease at which DNA nanodevices can be functionalized with 

hybridization or click chemistry methods and the nanoscale precision at which ligands can be 

attached to the scaffold have inspired the design of nanostructures carrying aptamers or antibodies 

for active targeting or immune cell stimulation. However, while many efforts have been 

undertaken to engineer DNA nanostructures for activation or enhancement of the adaptive immune 

response, the primarily nucleic acid composition of these nanostructures suggests that they 

themselves may intrinsically act as ligands for specific receptors within the innate immune system. 

 

Nucleic acid sensing pathways in the innate immune system 

The innate immune system has evolved a variety of pattern recognition receptors (PRRs) to detect 

and respond to evolutionarily conserved molecular patterns characteristic of pathogenic 

microorganisms (pathogen associated molecular patterns; PAMPs) or cell and tissue damage 

(damage associated molecular patterns; DAMPs). Of these PRRs, a subset has become specialized 

in detecting foreign or exogenous nucleic acids that are typically associated with viral infection, 
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and these PRRs can be further differentiated based on their subcellular localization. One group of 

innate immune sensors is located within the endosome and is expressed primarily by immune cells 

such as dendritic cells (DCs), B cells, and macrophages, while the other group is located within 

the cytoplasm and can be found in almost all cell types. Upon binding to their cognate ligand, all 

PRRs within both of these groups trigger downstream signaling pathways and induce the activation 

of transcription factors including TNF-α and interferon regulatory factor 3 (IRF3), which 

upregulate the expression of Type I interferons (IFNs) and downstream IFN-stimulated genes 

(ISGs)33,34. This antiviral defense not only activates the innate immune system but is also critical 

for priming the antigen-specific adaptive immune response.  

 

Figure 1.2. Potential nanoparticle-responsive innate immune DNA-sensing pathways. The TLR9 

pathway is shown on the left and the cGAS-STING pathway is shown on the right. Figure created 

with BioRender.com. 
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Innate immune sensing: TLRs 

One major class of PRRs which sense and respond to nucleic acids is the Toll-like receptor (TLR) 

family35. TLRs were the first class of PRRs to be identified, and while many other types of PRRs 

such as RIG-I-like receptors (RLRs), Nod-like receptors (NLRs) and cytosolic DNA sensors like 

cGAS have been discovered in the years since, TLRs remain the most extensively characterized. 

TLRs are single transmembrane proteins that are composed of three structural domains: an N-

terminal ectodomain with leucine-rich repeats (LRRs) that is responsible for PAMP recognition 

and binding, a transmembrane domain, and a C-terminal cytoplasmic Toll/IL-1 receptor (TIR) 

domain involved in the triggering of downstream signaling. TLRs are either homo- or heterodimers, 

with each of the monomers in the N-terminal ectodomain exhibiting a horseshoe-like shape which 

overlap slightly upon ligand binding and dimer activation. Dimer formation brings the TIR 

domains of the two monomers into close proximity, and TIR-domain-containing adaptor proteins 

such as the myeloid differentiation primary response protein 88 (MyD88) and the TIR-domain-

containing adaptor-inducing IFNβ (TRIF) are recruited to trigger formation of the Myddosome 

signaling complex. Successful myddosome formation initiates the activation of downstream 

signaling pathways, which ultimately leads to the expression of Type I IFNs and other 

inflammatory cytokines involved in the innate immune response.  

 

Humans have 10 TLRs, which can be divided into two groups according to localization. The first 

subfamily of TLRs is localized on the cell surface membrane and consists of TLR1, TLR2, TLR4, 

TLR5, TLR6, and TLR10, while the second subfamily of TLRs is localized within the endosomal 

membrane and includes TLR3, TLR7, TLR8, and TLR9. While the cell surface membrane TLRs 

primarily respond to proteins and lipids, which are found in high abundance in microbial 
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membranes, endosomal TLRs are involved in nucleic acid recognition. Of the four endosomal 

TLRs, three of them detect RNA: TLR3 responds to double-stranded RNA (dsRNA), while TLR7 

and TLR8 recognize single-stranded RNA (ssRNA). The last endosomal TLR, TLR9, recognizes 

single-stranded DNA containing high proportions of unmethylated cytosine-phosphate-guanine 

(CpG) dinucleotides36.  

 

DNA sensing: TLR9 

TLR9 is synthesized and initially localized in the endoplasmic reticulum (ER) in quiescent cells 

and is actively recruited to endosomes upon cellular internalization of CpG DNA37. TLR9 is 

escorted from the ER by UNC93B1, which facilitates loading of TLR9 into COPII vesicles and its 

subsequent trafficking to the Golgi. UNC93B1 and TLR9 then travel together to the cellular 

surface, upon which AP-2 is recruited and TLR9 is internalized into endosomes via clathrin-

mediated endocytosis38. Upon localization of TLR9 into endolysosomes, the acidic environment 

facilitates the cleavage of the TLR9 ectodomain by cathepsins and endopeptidases to generate the 

functional, mature form of TLR939,40.  

 

Mature, inactive TLR9 exists a horseshoe-like monomer form. However, a recently determined 

crystal structure of activated TLR9 bound to agonistic CpG oligos has demonstrated that binding 

of CpG DNA to TLR9 induces the formation of a 2:2 complex consisting of two CpG oligos and 

two TLR9 monomers, in which the bases in each of the CpG DNA oligos interact with the N-

terminal end of one TLR9 monomer while the phosphate backbones interface with the C-terminal 

side of the other TLR9 monomer41. Additionally, it has been shown that there is another binding 

site within each of the TLR9 monomers that binds to oligos which have a cytosine at the second 
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position relative to the 5’ end (5’-xCx) and functions cooperatively with the CpG binding site to 

promote TLR9 dimerization and subsequent activation42. While the binding of two 5’-xCx oligos 

is not required for TLR9 activation, it has been shown that their presence enhances TLR9 

activation levels.  

 

The distance between the two CpG binding sites within the TLR9 dimer can be estimated from the 

freely accessible protein database (PDB) crystal structure of the activated TLR9 dimer in complex 

with CpG DNA oligos and was found to be approximately 7nm42. As it has been shown that 

multiple residues within both binding pockets interact with the CpG bases as well as the phosphate 

backbone, we hypothesize that the structure of the activated TLR9-CpG complex is likely to be 

fairly constrained, and therefore, for any set of two CpG oligos bound to a TLR9 dimer, the inter-

ligand distance of the two oligos can be approximated to be 7nm. This suggests that pairs of CpG 

oligos fixed to a surface at distances of 7nm apart may be optimally positioned for TLR9 binding 

and may therefore demonstrate enhanced TLR9 activation, and in fact, there has been a recent 

study which has investigated the effects of ‘optimized’ versus highly disfavorable spatial 

positioning of CpG oligos on the strength of TLR9 signaling43.  

 

One interesting question which arises due to the close proximity of the two CpG binding pockets 

is whether the TLR9 dimer may be activated by binding of a single CpG-containing ssDNA to 

both monomers simultaneously. Depending on the length of the oligo, it is certainly not impossible 

for this to occur, particularly as the distance between bases in ssDNA has been found to be 

approximately 0.65nm while the persistence length of ssDNA has been measured to be in the range 

of 1.98 ± 0.72nm, indicating high flexibility even at the length scales relevant to TLR9 dimer 
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binding44–46. However, the orientation of the residues within the binding pockets that interface with 

the cytosine and guanine nucleotides suggests that a substantial amount of contortion may be 

required in order for a single CpG oligo to bind to both sites at once. Therefore, if there is a 

sufficient concentration of CpG oligos within the endosomal compartment, it is more likely that a 

TLR9 dimer would be bound by two separate CpG-containing oligos rather than one.  

 

The same question can be posed with respect to the 5’-xCx binding sites within the TLR9 dimer 

as well, as the distance between each set of the CpG binding sites and the 5’-xCx binding sites on 

the same side of the TLR9 dimerization interface was also measured to be approximately 7nm. 

Given this distance, it has been hypothesized that a single DNA oligo could theoretically bind to 

both sites simultaneously provided that at least 10 nucleotides separate the two CpG motifs. 

However, as the bottom of the 5’-xCx binding site is separated from the CpG binding site by the 

dimerization interaction of the two TLR9 monomers, this would require the CpG motif closer to 

the 5’ end of the oligo to bind to the 5’-xCx motif before looping down to facilitate the binding of 

the CpG motif closer to the 3’ end of the oligo to the CpG binding pocket. Because of these 

structural constraints, Ohto et al. postulated that it is more likely that each of these sites 

independently binds a separate CpG DNA, resulting in a 2:2:2 complex. This is further supported 

by the fact that the 10-nucleotide spacing requirement is not observed in the sequences of CpG 

DNA that have been experimentally optimized for TLR9 activation47.  

 

As CpG dinucleotides are not entirely absent from mammalian genomes, there are two major 

factors which prevent TLR9 from mounting unwanted immune responses towards self-DNA: 1) 

~70–80% of cytosines in mammalian CpG dinucleotides are methylated, and 2) CpG dinucleotides 
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occur at a significantly lower rate in mammalian genomes compared to bacterial or viral genomes, 

as methylated CpG sites have a high mutation rate due to spontaneous deamination of the cytosine 

into a thymine48,49. Additionally, while the presence of a CpG dinucleotide is minimally sufficient 

for TLR9 activation, it has been shown that the surrounding sequence context has a significant 

impact on the potency of TLR9 activation50.  

 

As of now, three major classes of CpG oligodeoxyribonucleotides (ODNs) have been identified, 

each of which has distinct sequences and elicits differential immune responses. Class A ODNs, 

alternatively named Class D ODNs, contain a central palindromic CpG with a poly-G motif at the 

ends and are characterized by strong activation of NK cells and pDCs but weak activation of B 

cells. These ODNs induce high Type I IFN secretion as well as TNF-α and IL-12 expression, but 

are weak activators of the TLR9-dependent NF-κB pathway. In contrast, Class B ODNs, 

alternatively named Class K ODNs, containing CpG motifs and a phosphorothioate backbone 

strongly activate B cells and induce strong TLR9-dependent NF- κB signaling, culminating in high 

expression of pro-inflammatory cytokines such as IL-6, IL-10 and IL-1251. Finally, Class C ODNs 

combine the characteristics of Class A and B ODNs, containing CpG motifs at the 5’ end, a CpG-

containing palindromic sequence at the 3’ end and a fully phosphorothioate backbone. Their 

immunostimulatory properties are also a combination of those of Class A and B ODNs, with the 

ability to induce strong Type I IFN production as well as NK cell activation and B cell 

proliferation52,53.  

 

In addition to the identification of the structural features differentiating the major CpG ODN 

classes, more systematic studies have also been undertaken to determine the sequence motifs 
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which impact TLR9 activation and to identify the minimum sequence requirements for strong 

stimulation of the TLR9 pathway. By analyzing and performing mutational studies on the 

sequences of known strong TLR9 agonists ODN2006 and ODN2395, Pohar et al. identified the 

properties of ODNs which influenced their ability to activate TLR9 as well as the minimal 

sequence motifs of Class B ODNs which induced strong activation of the TLR9 pathway in B cells 

as well as PBMCs54. Oligos satisfying those requirements must contain at least two CpG 

dinucleotides separated by 6-10 nucleotides and be a minimum of 21 nucleotides in length. 

Additionally, it was shown that the nucleotides adjacent to the CpG dinucleotides also strongly 

define the immunostimulatory capability of the CpG motif. The presence of a thymine immediately 

upstream of the first CpG motif at the 5’ end of the oligo contributes substantially to CpG oligo 

potency, as substitution of the T to a different base resulted in a significantly reduced ability to 

activate TLR9. The presence of a poly-T at the 3’ end of CpG ODNs, downstream of the second 

CpG dinucleotide, also significantly improves the ability of the oligo to induce TLR9 activation. 

Finally, the distance between the two CpG dinucleotides is yet another modulator of ODN potency, 

as the lengthening or shortening of the spacer outside of the aforementioned range decreases the 

immunostimulatory capability of the oligo. In conclusion, the authors determined that the sequence 

requirements for oligos which have the ability to strongly activate human TLR9 are as follows: 

the ODN length must be 21 nucleotides of longer, with at least two CpG dinucleotides separated 

by a spacer of between 6-10 nucleotides where the 5’ CpG must be immediately preceded by a T 

and the 3’ CpG must be followed by a poly-T tail. These findings not only facilitated the rational 

design of potent TLR9 agonists, including the ones that will be discussed in later chapters of this 

thesis, but also shed light on the sequence contexts within which CpG dinucleotides could be 

considered strongly immunostimulatory.  
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Thus, based on these sequence requirements, we can begin to formulate hypotheses about the 

TLR9-activating capability of nucleic acid nanostructures. A nanoparticle folded from a circular 

kilobase-length ssDNA scaffold and numerous short linear ssDNA staples, if not designed with 

the express purpose of avoiding TLR9 activation in mind, will almost certainly contain some 

number of CpG dinucleotides and potentially several of these optimized CpG sequences as well. 

While the interactions of TLR9 dimers with the ssDNA scaffold may be somewhat limited due to 

its circular structure and the relative rigidity of the CpG binding site locations within the TLR9 

dimer, the linear ssDNA staples are subject to no such constraints and the high concentration of 

these staples within a nanoparticle folding mixture may facilitatee the interaction of staples with 

TLR9 dimers within the endosomal compartment. Even if the CpG motifs within these staples do 

not satisfy the sequence requirements for optimal potency, the binding of multiple staples to the 

same set of TLR9 dimers may be able to cooperatively achieve similarly enhanced levels of TLR9 

activation. Additionally, while the intact ssDNA scaffold would hypothetically have limited 

interactions with TLR9 dimers, degradation of the scaffold over time by nucleases such as DNase 

I and II will most likely generate shorter linear ssDNA fragments which may interact with TLR9 

in a similar manner to the staple oligos55. Therefore, when designing nucleic acid nanoparticles, 

particularly for applications in which the nanoparticles will be interfacing with the immune system, 

the presence of immunostimulatory motifs within the scaffold and staple sequences should be 

taken into consideration.  

 

Innate immune sensing: Cytosolic nucleic acid sensors 

Unlike the endosomal nucleic acid sensors, all of which belong to the TLR family, there are a 

variety of different nucleic acid sensors localized within the cell cytosol34,56. The RNA-sensing 
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cytosolic receptors belong to the RIG-I-like receptor (RLR) family, which consist of retinoic acid 

inducible gene I (RIG-I), melanoma differentiation associated gene 5 (MDA5), and laboratory of 

genetics and physiology 2 (LGP2)57,58. Upon binding to double-stranded RNA in the cytosol, 

DExD/H box helicases signal through mitochondrial antiviral signalling protein (MAVS) and 

IRF3/IRF7 to induce the production of Type I IFNs. MAVS activation also promotes apoptosis 

through the IRF3/IRF7 pathway, and additionally contributes to the production of IL-1β and its 

associated pro-inflammatory response via activation of the NOD-, LRR- and pyrin domain-

containing 3 (NLRP3) inflammasome.   

 

There are also a number of DNA-sensing receptors localized within the cytoplasm, specifically 

cyclic GMP-AMP synthetase (cGAS), absent in melanoma 2 (AIM2), and IFNɣ-inducible protein 

16 (IFI16)34. These detect pathogenic dsDNA as well as self-derived dsDNA that leaked into the 

cytoplasm as a result of cellular damage or death. Activation of AIM2 by dsDNA binding induces 

the recruitment of apoptosis-associated speck-like protein containing a CARD (ASC) and 

subsequent formation of the AIM2 inflammasome, which promotes pyroptosis, an inflammatory 

form of cell death, and IL-1β maturation via activation of caspase-159. AIM2-related protein IFI16, 

a primarily nucleus-associated protein which can be found in small quantities in the cytoplasm, is 

also involved in inflammasome activation following detection of cytoplasmic dsDNA60. Finally, 

cGAS signals through stimulator of IFN genes (STING) to induce Type I IFN production as well 

as apoptosis via the IRF3 pathway.  
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DNA sensing: the cGAS-STING pathway 

Levels of intracellular dsDNA are kept in check by the presence of DNases such as DNase II, 

localized in the lysosome, and three prime repair exonuclease 1 (TREX1), localized within the 

cytoplasm33. However, if there is an excess of cytoplasmic dsDNA, such as what would occur 

during a bacterial or viral infection, cytosolic DNA sensors such as cGAS will be activated. The 

binding of cGAS to dsDNA stimulates the production of an isomer of cyclic GMP-AMP (cGAMP), 

specifically 2’3’-cGAMP, which functions as a secondary messenger that then binds to and 

activates STING61. STING, an ER-localized adaptor protein, translocates to the Golgi upon 

activation, where it then recruits TBK1 to phosphorylate IRF3, which then relocalizes into the 

nucleus and activates transcription of Type I IFNs, particularly IFNβ, as well as the NF- κB -

dependent expression of pro-inflammatory cytokines such as IL-6 and TNF-α.  

 

In its inactive form, cGAS exists within the cytosol as a loosely associated homodimer. However, 

upon binding of each cGAS monomer to a dsDNA oligo, the activation loops within each monomer 

undergo a conformational change to enable the formation of an activated 2:2 complex62. 

Interestingly, it has been found that the dimer complex is not very strongly associated, which is 

consistent with the fact that the protein-protein interface is mediated by very few residues. The 

presence of the two dsDNA oligos is therefore critically important as it serves to crosslink the 

cGAS dimer, with each monomer interacting with both of the oligos at two binding sites and 

stabilizing the dimer in the catalytically active form63. 

 

While cGAS binding to dsDNA is sequence independent, as cGAS interacts with dsDNA via the 

phosphate backbone rather than individual nucleotides, it has been shown that dsDNA oligo length 
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is a critical factor in the activation of cGAS-STING signaling. Although short dsDNAs of ~20 

nucleotides can bind to cGAS and interact with both binding sites, it is not sufficient for activation 

of the cGAS-STING pathway in human cells, potentially because of the rapid dissociation of 

individual 2:2 cGAS:dsDNA complexes64.  In contrast, as dsDNA oligos of lengths over the 

minimum threshold of ~45 bases are long enough to bind to multiple cGAS dimers simultaneously, 

they can mediate the formation of higher order cGAS:dsDNA oligomers in which cGAS dimers 

assemble cooperatively and with increased affinity in a ladder-like formation along dsDNA oligos 

arranged in a quasi-continuous form. Thus, the oligo length plays a crucial role in the cooperative 

formation of higher order cGAS complexes and the efficacy of cGAS-mediated downstream 

signaling. 

 

Besides dsDNA length, another factor which impacts the magnitude of cGAS activation is DNA 

structuring. It has been shown that DNA-bending proteins such as mitochondrial transcription 

factor A (TFAM) and high-mobility group box protein 1 (HMGB1) are able to enhance cGAS 

detection of DNA, potentially by structuring dsDNA into U-shapes65. The binding of these proteins 

to dsDNA results in the duplex folding over on itself, thereby bringing the two halves of the oligo 

close together. The arrangement of these two duplexes in close spatial proximity, positioned 

correctly for efficient cGAS binding, enables not just individual dimer activation but also the 

nucleation of larger oligomers. This structuring effect may also explain some of the length 

dependence of cGAS activation, as the binding of two long dsDNA dimers to an initial cGAS 

dimer prearranges them with the correct spatial distancing and orientation to facilitate efficient 

attachment of additional dimers. Interestingly, it has been demonstrated that short 12-20-mer 

dsDNA oligos can strongly activate cGAS if they are flanked by unpaired guanine-rich ssDNA 
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overhangs, although the mechanism underlying this method of cGAS activation has not yet been 

elucidated64. 

 

In summary, cGAS activation and subsequent downstream signaling through the cGAS-STING 

pathway are sequence independent but heavily dependent on both dsDNA length and duplex 

prestructuring. When these results are viewed through the lens of DNA origami design, they raise 

some interesting questions about how wireframe DNA origami may interact with cGAS in vivo 

and how cGAS recognition may contribute to overall nanoparticle immunogenicity. Wireframe 

DNA origami are composed of edges which contain two parallel dsDNA duplexes arranged in 

close proximity and are therefore structurally similar to dsDNA oligos bound to a single cGAS 

dimer. As a result, these types of DNA nanostructures may be intrinsically cGAS activating. 

Additionally, the edge lengths of wireframe DNA nanostructures can be easily programmed or 

modulated by redesigning the particle geometry or switching scaffold sequences. This enables the 

design of DNA nanostructures with edges lengths of ~45bp or longer to enhance the potency of 

cGAS activation, or alternatively the design of nanoparticles with edge lengths of ~20bp or less to 

minimize or eliminate nanoparticle-mediated cGAS-STING activation. Another variable which 

may influence the cGAS activating ability of DNA nanostructures is their geometry. While the 

wireframe edges contain parallel dsDNA duplexes, and may therefore mediate the assembly of 

several cGAS dimers along the length of each edge, nanoparticles of suitable geometry may also 

have the potential to further enhance cGAS activation by facilitating the formation of higher-order 

cGAS oligomers spanning the edges of multiple nanoparticles organized in a superstructure. As 

cGAS is one of the primary PRRs which respond to cytosolic DNA, it is critical to design DNA 
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nanoparticles with a clear understanding of their potential interactions with cGAS and the impact 

those interactions may have on the innate immune response.  

 

DNA sensing: AIM2  

Besides cGAS, there is one more cytosolic DNA sensor, AIM2, that plays a critical role in the 

innate immune response. Unlike cGAS, which activates the STING pathway and ultimately 

induces the production of Type I IFNs as well as NF- κB -dependent pro-inflammatory cytokines, 

AIM2 interacts with ASC to activate caspase-1, a proteolytic enzyme which then processes the 

inactive pro-IL-1β and pro-IL-18 into their mature, active forms66. Additionally, this AIM2-ASC 

interaction induces formation of the pyroptosome, a large assembly of oligomerized ASC dimers 

which, upon recruitment and activation of caspase-1, results in an inflammatory form of cell death 

known as pyroptosis67.  

 

Unlike TLR9 and cGAS, AIM2 does not undergo a conformational change upon binding to dsDNA 

to become activated. Instead, in the absence of its ligand, AIM2 exists in an autoinhibited state due 

to interactions between its HIN and Pyrin (PYD) domains68. These interactions are significantly 

weakened upon dsDNA engagement, thus releasing the autoinhibition of AIM2 and enabling 

oligomer formation. AIM2 recognition of dsDNA, much like cGAS, is sequence independent, as 

the binding pocket engages the dsDNA backbone rather than specific bases. Additionally, as the 

electrostatic interactions between the dsDNA ligand and the binding pocket are nonspecific, AIM2 

can bind anywhere along an intact dsDNA oligo, facilitating the formation of massive signaling 

complexes composed of multiple AIM2 receptors. It has been shown that a 16-bp dsDNA oligo 

can simultaneously accommodate the HIN domains of four AIM2 receptors. Furthermore, it is 
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known that oligos of lengths between 70-80bp are required for optimal AIM2-mediated interferon 

induction60. This suggests that a dsDNA oligo of ~80bp can accommodate up to 20 AIM2 receptors 

simultaneously and serve as a platform for the assembly of signaling complexes that are 

sufficiently large to enable enhanced activation of the downstream immune response. Interestingly, 

it has also been demonstrated that AIM2 is not activated by 45mer dsDNA oligos, suggesting that 

there is a threshold length below which AIM2 oligomerization may not occur34.  

 

Given the dual-duplex structure of each edge of wireframe DNA nanoparticles, we hypothesize 

that AIM2 may respond to these nanoparticles in much the same way that they respond to dsDNA 

oligos. Specifically, the length dependence of AIM2 activation suggests that nanoparticles of edge 

lengths below 45 nucleotides may not be sufficient to induce AIM2 activation, while at the 

opposite end of the spectrum, nanoparticles with edge lengths of approximately 70 or 80 

nucleotides may have the correct structural composition to induce optimal AIM2 activation. 

Alternatively, as crystal structures of HIN:DNA complexes show that dsDNA oligos are arranged 

pseudo-continuously via head-to-tail stacking, where HIN domains are arrayed around the double 

helix in a staircase-like fashion, it is also possible that AIM2:nanoparticle interactions may mediate 

the formation of pseudo-superstructures, therefore reducing the impact of nanoparticle edge length 

on AIM2 activation. One additional interesting aspect that can be further explored is the effect of 

the dual duplexes on AIM2 activation. AIM2 oligomerization is facilitated by the assembly of 

multiple HIN domains along a single dsDNA oligo, but it is not known how the presence of an 

additional duplex may perturb this system. As AIM2:DNA binding is nonspecific and highly 

flexible, it is possible that the presence of the additional duplex may be able to coordinate the 

formation of even larger AIM2 complexes. However, it is also possible that the convergence of 
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multiple dual-duplex edges at each nanoparticle vertex may sterically inhibit HIN domain binding 

and prevent AIM2 oligomerization. Thus, although DNA nanostructures are composed of duplex 

edges which, in isolation, may act as ligands for AIM2, the structuring of these edges into a 3D 

geometry may significantly change the manner in which they interact with immune receptors and 

influence their overall immunostimulatory effect.   

 

Thesis goals and approach 

The goal of this thesis is to elucidate the immunostimulatory effects of DNA origami and to begin 

to understand the ways in which these nanostructures can be designed for controllable modulation 

of the immune response. While several groups have previously reported on the immunogenicity of 

DNA nanostructures, because the term ‘DNA origami’ encompasses such a vast array of 

geometries and architectures, all of which interact with the immune system in different ways, the 

immunostimulatory profile of wireframe DNA origami is still very poorly understood. 

Furthermore, there is still a lack of understanding of how specific nanoparticle design parameters 

influence the potency of immune activation. Additionally, despite the fact that immune adjuvants 

have been displayed on several DNA nanodevices for immunostimulatory purposes, there has not 

yet been an investigation into how the nanoscale organization of such adjuvants can be harnessed 

to induce controllable magnitudes of immune activation.  

 

In Chapter 2, I describe the development of a method for the scalable bioproduction of pure single-

stranded DNA containing custom sequences, enabling the design of scaffolds enriched for or 

absent of immunostimulatory motifs in order to modulate the interaction of the resulting DNA 

origami with the innate immune system. Utilizing a helper plasmid system in combination with a 
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novel phagemid design, I demonstrate the production of circular single-stranded DNA without the 

presence of helper plasmid or dsDNA contamination. Additionally, I perform optimization assays 

for several bioproduction parameters in order to improve the yields that are achievable within 

shaker flask setups, and furthermore, demonstrate the scalability of this method with the 

production of ~1.5mg/L of pure ssDNA extracted from a 10L bioreactor production. This method 

substantially improves the scale at which DNA origami scaffolds containing user-defined custom 

sequences can be produced and streamlines the downstream purification process, reducing the 

number of steps required between the conceptualization of a DNA origami design and the final 

origami synthesis. 

 

In Chapter 3, I first characterize the innate immunostimulatory capabilities of wireframe DNA 

origami. Initially focusing on two different nanoparticles, a pentagonal bipyramid (PB84) and an 

icosahedron (ICO42), as well as their respective unstructured controls, I explore the effects of 

geometry and nanostructuring within the context of reporter cells for two particularly relevant 

immune pathways, TLR9 and cGAS-STING and show that structured nanoparticles are minimally 

TLR9 activating, but strongly activate the cGAS-STING pathway. Additionally, we see that the 

unstructured controls behave differently compared to their folded counterparts, showing that 

nanostructuring can have an impact on immunostimulation. As neither nanostructure activated the 

TLR9 pathway, I chose to use TLR9 reporter cells as a model system for testing nanoparticle-

mediated immune modulation. I then designed and synthesized several PB84 variants displaying 

a known TLR9 agonist, ODN2006, at various copy numbers and with a variety of spatial 

organizations on the surface of the nanoparticle and evaluated the potency of TLR9 activation 

induced by each construct. I demonstrate that the magnitude of TLR9 activation can be 
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controllably modulated by varying the valency of CpG-containing overhangs on PB84, and I show 

the generalizability of this method by recapitulating these results with a different nanoparticle 

geometry, ICO42. Furthermore, I show that TLR9 activation can also be tuned by varying the 

spatial organization of a constant number of CpG overhangs, and additionally demonstrate that 

displaying CpG overhangs on wireframe DNA nanostructures enables TLR9 activation at 

significantly lower concentrations than would be necessary for equivalent concentrations of the 

free CpG oligos, suggesting that the presentation of CpG oligos with pre-arranged spatial 

configurations enhances TLR9 binding and activation. Finally, I test these engineered TLR9-

activating constructs in PBMCs to evaluate their effects on downstream Type I IFN production 

and show that cytokine expression can be controllably tuned by these constructs as well. These 

results begin to elucidate the impact of different nanoparticle design parameters on immune 

activation and demonstrate that wireframe DNA origami can be designed for programmable 

modulation of the innate immune response.  

 

In Chapter 4, I review the findings and implications of my thesis work and introduce a few 

questions that have cropped up over the course of these studies. I then discuss some potential 

explanations and suggest several directions in which this research could be extended in the future, 

including the design of siRNA-DNA nanoparticles for immunostimulation and efficient gene 

silencing, which I elaborate on in the Appendix. Finally, I close with a brief outlook on how this 

thesis work may be leveraged to enhance the therapeutic capabilities and clinical translatability of 

wireframe DNA origami.  
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Chapter 2 

Bioproduction of pure, kilobase-scale  

single-stranded DNA 

 

 

 

 

 

 

 
 
Material from: Shepherd, T. R.; Du, R. R.; Huang, H.; Wamhoff, E.-C.; Bathe, M. Bioproduction 
of Pure, Kilobase-Scale Single-Stranded DNA. Scientific Reports 2019, 9 (1), 6121. 
https://doi.org/10.1038/s41598-019-42665-1 
This work was initiated by Tyson Shepherd and Mark Bathe. Experiments were performed by 
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ABSTRACT 

Scalable production of kilobase single-stranded DNA (ssDNA) with sequence control has 

applications in therapeutics, gene synthesis and sequencing, scaffolded DNA origami, and archival 

DNA memory storage. Biological production of circular ssDNA (cssDNA) using M13 addresses 

these needs at low cost. However, one unmet goal is to minimize the essential protein coding 

regions of the exported DNA while maintaining its infectivity and production purity to produce 

sequences less than 3,000 nt in length, relevant to therapeutic and materials science applications. 

Toward this end, synthetic miniphage with inserts of custom sequence and size offers scalable, 

low-cost synthesis of cssDNA at milligram and higher scales. Here, we optimize growth conditions 

using an E. coli helper strain combined with a miniphage genome carrying only an f1 origin and a 

β-lactamase-encoding (bla) antibiotic resistance gene, enabling isolation of pure cssDNA with a 

minimum sequence genomic length of 1,676 nt, without requiring additional purification from 

contaminating DNA. Low-cost scalability of isogenic, custom-length cssDNA is demonstrated for 

a sequence of 2,520 nt using a bioreactor, purified with low endotoxin levels (<5 E.U./ml). We 

apply these exonuclease-resistant cssDNAs to the self-assembly of wireframe DNA origami 

objects and to encode digital information on the miniphage genome for biological amplification.  
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INTRODUCTION 

Kilobase-length, single-stranded DNA (ssDNA) is essential to numerous biotechnological 

applications including sequencing (1), cloning (2), homology directed repair templating for gene 

editing (3), DNA-based digital information storage (4,5), and scaffolded DNA origami (6-9). 

Specifically, scaffolded DNA origami enables the fabrication of custom structured nanoscale 

objects with application to nanoscale lithography (10,11), light harvesting and nanoscale energy 

transport (12-15), metal nanoparticle casting (16), and therapeutic delivery (17,18). In this 

approach, a long ssDNA scaffold is folded via self-assembly into arbitrary, user-specified shapes 

by slow annealing in the presence of complementary short oligonucleotide “staples”. These staples 

are designed using Watson-Crick base-pair complementarity to the scaffold, forcing sequences 

that are far apart in sequence space to be close in physical space. Fully automated, top-down 

computational design of scaffolded DNA origami nanostructures has now been enabled by 

sequence design algorithms in both 2D and 3D (19-23), enabling the democratization of otherwise 

complex scaffolded DNA origami design that previously excluded non-experts. However, 

therapeutic and materials science applications that require large-scale, low-cost scaffold with 

custom length and sequence requirements are still hindered by limitations in production of circular, 

isogenic scaffolds on the 1–3 kb scale (24-26).  

 

The most common low-cost source of native cssDNA for scaffolded DNA origami is the 7,249 

base single-stranded M13mp18 phage genome, which has allowed production of up to 410 mg of 

cssDNA per liter of E. coli growth through fed-batch fermentation (27). Innovative approaches to 

achieving custom bacterial scaffolds (25) and staple production were recently implemented (26). 

However, numerous applications require increased purity of circular custom scaffolds, such as in 
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therapeutic applications of DNA origami, that would additionally require synthetic staples for 

chemical functionalization and stabilization (28). Further, elimination of the antibiotic selection 

marker from the produced linear (26) or circular (25) ssDNA does not allow for subsequent re-

infection without this selective control (25), potentially limiting downstream biological 

applications where reinfection would be useful, such as for biological sequence amplification. 

 

These preceding advances employed helper plasmid systems where the M13 coding sequences are 

sub-cloned onto a double-stranded, low-copy number vector that is co-transformed with a 

phagemid containing an ssDNA origin of replication (e.g., f1 origin) that allows for the synthesis 

and packaging of ssDNA. The most commonly used helper plasmid system is M13KO7 (29), 

which maintains a packaging sequence, albeit with a mutated packaging signal to reduce the 

packaging frequency. This system has shown utility in phage display (30-32), and has also been 

applied to produce a phagemid that encodes a 2,404-nt sequence containing an cssDNA f1 origin, 

a dsDNA pUC origin, and an ampicillin selection marker (24). However, the preceding phagemid 

cssDNA was contaminated by other DNAs, both from the dsDNA phagemid and M13KO7 (24). 

Importantly, isolation of the target ssDNA from these DNA impurities would require subsequent 

purification steps for further bioproduction scale-up, and would potentially introduce high 

background in sequencing application, with possible errors in phage propagation, and lower yields 

in DNA origami applications. To overcome these potential problems with the helper system, the 

ssDNA origin of replication and packaging signal was entirely removed from a helper plasmid (E. 

coli str. M13cp) (33), thereby enabling the biological production of isogenic cssDNA without 

DNA impurities. Indeed, recent advances in engineered phage systems have utilized this strategy 

(25,26), however, purification would ultimately be required for DNAzyme-based approaches to 
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bacterial scaffold as well as staple production (26) and optimization for pure cssDNA production 

(34) without genomic or plasmid contamination is still required (25,26). Thus, there remains a 

critical need for scalable production of isogenic cssDNA at the 1–3 kb length scale that maintains 

replication capacity. 

 

To address this need, in the present work we show that isogenic miniphage production of cssDNA 

is scalable by fermentation using the E. coli str. SS320 with the M13cp helper plasmid (generous 

gift of Dr. Andrew Bradbury, Los Alamos National Lab). Three miniphages were synthesized 

using both classic restriction and restriction-free (RF) cloning (35,36). The miniphage presented 

here maintain the selection marker and origin of replication, which allows for the reinfection of 

the phage in culture while reducing the occurrence of contaminating dsDNA because they do not 

contain a double-strand origin of replication, similar to the natural M13 phage. Monitoring phage 

yields and growth rates of the bacteria, we identify an 8-hour timepoint after inoculation that yields 

maximal cssDNA production with no detectible DNA contamination. Silica-column-based DNA 

extraction techniques from clarified media yielded 2 mg of pure cssDNA per liter of culture with 

< 5 endotoxin units per milliliter of sample. We demonstrate that the cssDNA material is practical 

for the generation of custom length circular scaffolds for wireframe DNA origami with partial 

sequence control, with additional applications to write-once, read-many archival DNA data storage. 
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RESULTS 

Proof-of-concept circular ssDNA synthesis and production  

A variant of extension-overlap, restriction-free cloning (35,36) using long ssDNA (Figure 2.1a) 

was applied for the de novo assembly of a miniphage genome containing only an f1 origin of 

replication and an ampicillin resistance selection marker (phPB52). Two kilobase-scale 

megaprimer ssDNAs were generated using asymmetric PCR (aPCR; (37)) using 5′-phosphorylated 

primers: a top-strand megaprimer encoding the f1 origin sequence (427 nt; (38)) and a bottom-

strand megaprimer encoding an ampicillin resistance cistron (bla; 1,249 nt) (Figure 2.1b, Figure 

A.3). The kilobase primers were synthesized such that the two sequences contained a 

complementary sequence of 20 nt on each of the 5′ and 3′ ends (Figure 2.1a). The two 

megaprimers were mixed at equimolar concentration and completed to dsDNA using PCR, 

followed by enzymatic ligation. The ligated plasmid (Figure A.4) was transformed into chemically 

competent E. coli str. M13cp (33) and dual selected on ampicillin and chloramphenicol with no 

detectable toxicity due to the miniphage, resulting in normal colony shape and size. Two out of 

eight colonies screened were found to be of the exact sequence desired. Liquid culture was 

inoculated and grown in a shaker flask, after which the culture was centrifuged to separate the 

phage-containing media from the bacterial pellet. Phage in the clarified media were visualized by 

TEM, showing the anticipated size of and homogeneity (Figure 2.1c and Figure A.3). The 

cssDNA from this phage was isolated using silica column purification and showed 88% cssDNA 

purity according to agarose gel imaging (Figure 2.1d), with an approximate yield of 0.5 mg per 

liter of bacterial growth, while the bacterial pellet showed helper plasmid, dsDNA intermediate 

phage DNA, and cssDNA. 
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Figure 2.1. Scalable bacteriophage production of isogenic cssDNA. (a) Miniphage phPB52 was 

assembled using restriction-free (RF) cloning was used for miniphage phPB52 assembly and 

transformed into E. coli containing the M13cp helper plasmid for production of isogenic cssDNA. 

(b) aPCR was used to generate the two ssDNA megaprimers for RF cloning encoding the f1 origin 

of replication (f1 ori) and the bla ampicillin selection marker (Selection). (c) Phage particles from 

clarified media were visualized by TEM. (d) DNA purification from the bacterial pellet and the 

clarified media show mostly pure cssDNA in the media and cssDNA and dsDNA phagemid, and 

helper plasmid in the bacterial pellet. See Figure A.3 for uncropped images. 

 

Having generated a phage containing only the f1 origin and a resistance gene, demonstrated to be 

stably produced and exported to the media from the helper strain, we next sought to generate a 

second phage with a synthetic fragment of DNA that is orthogonal in sequence to bacterial and 

phage genomes. A fragment of length 844 nt was ligated between the f1 origin and the bla cistron 

using standard restriction cloning to generated a plasmid of size 2,520 nt (phPB84; Figure 2.2a 

and Figure A.4). This plasmid was transformed into the helper strain and the produced phage was 
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purified and its sequence verified by primer walking with Sanger sequencing (Appendix Table 5 

and 6). 

 

Development of a shaker-flask production method 

In order to obtain milligram-scale production of cssDNA with high genetic purity of the final 

material, we used a shaker flask setup (Figure 2.1a) to vary the growth time, the E. coli strain, the 

growth media, and the media pH to determine optimal conditions. We found the highest and purest 

yield of cssDNA production occurred at the 8-hour timepoint after inoculation, near the end of log 

phase, with production falling off thereafter and the appearance of dsDNA contaminations in the 

media visualized at the 12-hour timepoint (Figure 2.2b and Figure A.5). Two strains were tested 

for production: DH5a F′Iq (Invitrogen) and the SS320 strain (Invitrogen). Both express the F pili 

and are commonly used for phage production, and each was transformed with the M13cp helper 

plasmid purified from E. coli str. M13cp. Strain SS320 showed approximately double the cssDNA 

yield (Figure 2.2c and Figure A.6) and was therefore chosen as the strain for further optimization 

of growth conditions. Terrific broth (TB) and 2× yeast extract tryptone (2×YT) media for bacterial 

growth and cssDNA production were both evaluated for phage growth while also monitoring 

dsDNA contamination using agarose gel analysis (Figure 2.2d and Figure A.6). Notably, TB had 

significant dsDNA contamination by the 8-hour timepoint (Figure A.6), and 2×YT was therefore 

chosen as the optimal media for batch production.  Next, we investigated the pH sensitivity of the 

production of phage material (34), which exhibited a three-fold increase in yield at pH 6.8 and 7.2 

compared to pH 8 (Figure 2.2e and Figure A.6). 
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Figure 2.2. Shaker flask production of pure cssDNA. (a) Shaker flask growth of phPB84 was 

used to optimize conditions for phage amounts and purity. (b) Time-course assay of cssDNA 

production of phPB84, with cssDNA yield calculated by absorbance at 280 nm and purity adjusted 

by agarose gel band intensity, showing maximum yield and purity at the 8-hour timepoint. The 16 

h time-point is from a separate culture, and therefore is not included in the plot. (c) Comparison 

between DH5a F′Iq and SS320 showing two-fold yield increases in the SS320 strain. (d) 

Comparison between growth media showing five-fold improved cssDNA yield in 2×YT after 8 

hours of production. (e) Comparison of five pH values for cssDNA production, controlled by use 

of 100 mM HEPES-NaOH. Error bars indicate standard deviation of triplicate experiments. See 

Figure A.5 and A.6 for uncropped triplicate measurements of all experiments. 

 

Establishment of a batch fermentation protocol 

Having identified the optimal growth conditions in the shaker flask setup, we next identified 

conditions for scale-up in a batch fermenter process (Figure 2.3a) using a Stedium Sartorius 5L 

fermenter (Sartorius, Germany). Shaker flask conditions were transferred to the bioreactor setup 

including using 2×YT media, while pH 7.0 was controlled using external phosphoric acid and 

ammonium hydroxide. The growth curve was monitored using O.D.600 absorbance measurements 

and the pH and dissolved oxygen were monitored by calibrated probes. Each timepoint was 

additionally monitored for cssDNA and dsDNA production using agarose gel analysis (Figure 
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2.3b and Figure A.7), showing maximal cssDNA yield at the 8-hour timepoint, as with the shaker 

flask, with minimal contaminating dsDNA up to the 12-hour timepoint (Figure A.7). Extraction 

of 900 mL of media for phage purification was carried out at the 8-hour timepoint and processed 

using a silica-column based approach specifically designed to reduce endotoxin levels (EndoFree 

Megaprep Kit, Qiagen, MD). Gel band intensity analysis after kit purification showed no 

detectable dsDNA contamination (Figure 2.3c). Sanger sequencing by primer walking verified the 

sequence of the phage DNA (Appendix Table 5 and 6). The kit-based purification yielded 2 mg 

of cssDNA/L of culture, matching the yield from phenol-chloroform extraction. Endotoxins were 

tested using a colorimetric assay (ToxinSensor Chromogenic LAL Endotoxin Assay Kit, 

GenScript, NJ), showing the final product yielded endotoxin levels at 1.1 ± 0.1 E.U./ml per 

cssDNA concentration of 10 nM, similar to endotoxin reduction by Triton-X114 ((39); Figure 

A.8). Circularization of the produced cssDNA was verified by incubation with exonuclease I, 

showing no detectable degradation after 30 min (Figure 2.3d). 
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Figure 2.3. Batch fermenter production of pure cssDNA. (a) Scalable production in a stirred-

tank bioreactor. (b) Time-course assay of cssDNA yield based on agarose gel band intensity 

analysis (Figure A.7), with the 8-hour timepoint used for 900 mL cssDNA purification. (c) Silica-

column DNA purification from the PEG-precipitated phPB84 phage showed no detectible dsDNA 

contamination, similar in purity to commercially available M13mp18, yielding 2 mg of DNA per 

liter of culture at the 8-hour timepoint. Stability from exonuclease I (ExoI) degradation after 30 

min coincubation indicates the ssDNA is circular.   

 

Application of synthesized scaffolds to DNA origami production 

Having implemented a method for milligram-scale production of isogenic miniphage cssDNA, we 

next applied the method to produce custom length single-stranded DNA scaffold with partial 

sequence control for application to wireframe scaffolded DNA origami (Figure 2.4). We used the 

DAEDALUS design algorithm (19) to design a DNA-scaffolded pentagonal bipyramid with a 52-

bp edge length (1,580 nt scaffold length) using the smallest phPB52 phage genome sequence 

(1,676 nt) and a second DNA-scaffolded pentagonal bipyramid with an 84-bp edge length (2,520 

nt scaffold length) using the phPB84 phage genome sequence (2,520 nt). Notably, any DNA 

origami with scaffold lengths larger than 1,676 nt can have perfectly matched phage genome 
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lengths, as exemplified in the pentagonal bipyramid with an 84-bp edge length. DNA origami 

object folding was characterized using agarose gel mobility shift assays and transmission electron 

microscopy (TEM), which confirmed monodispersed object sizes with near quantitative yield of 

self-assembly (Figure 2.4 and Figure A.9 and A.10).  

 

 
 

Figure 2.4. Applications of scalable, isogenic miniphage production. Two pentagonal 

bipyramids of 52-bp and 84-bp edge-lengths were folded using the phPB52 and phPB84 as 

scaffolds, respectively. Agarose gel shift mobility assays and TEM were used to validate the 

folding of the scaffold to the expected design. See Figure A.9 and A.10 for uncropped gel images 

and example full field TEM micrographs, respectively. Figure adapted from original Figure 4 of 

this work. 
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DISCUSSION 

We applied the E. coli str. M13cp strain for scalable bioproduction of pure cssDNA, which has the 

capabilities of generating isogenic material for biotechnological applications including scaffolded 

DNA origami and digital information archival and amplification, amongst other uses. The method 

employed here to direct purification of phage cssDNA without additional dsDNA contamination 

allows for new technology development in synthetic cssDNA sequence production that can be 

made bio-orthogonal and scalable, enabling future application to novel therapeutics and materials. 

Additional advances in the scaffolded DNA origami field are applicable to this strain, including 

the incorporation of DNAzymes (26) that would allow for greater control over the sequence and 

size of the produced linear ssDNA. However, in the approach used here, maintenance of the f1 

origin and the selection marker in the produced phage allows for reinfection across the culture, 

which is important for subsequent biological amplification such as needed in phage display and 

archival information storage. Moreover, circularization blocks exonuclease activity, which may 

prove important for therapeutic applications (41). In the future, improved understanding of phage 

biology should enable new approaches to excising specific coding sequences from M13 to generate 

engineered systems specifically designed for production of cssDNA. 

 

The yields from the bioreactor approach used here were somewhat lower than wild type phage 

production that has been extensively optimized (26,27). This is due in part to the loss of the native 

feedback control over gene expression in the phage genome (42), the use of batch fermentation as 

opposed to a  fed-batch approach that would allow for higher cell density (27), and plasmid loss 

due to ampicillin selection. Interestingly, we were not able to obtain clones of kanamycin or 

chloramphenicol selection cistrons on the vector purely under the control of the f1 origin. This 
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may be due to the use of a single-stranded promoter, which might be overcome by alternative 

single-strand-specific promoters (43). This resistance insertion would then allow for fed-batch 

scale-up, leading to significantly improved yields. 

 

Increased cssDNA production yields, together with advances in custom sequence design (25,26) 

and bio-orthogonality (44,45) with and without protein coding sequences, suggest that our 

approach is amenable to therapeutic applications in which ssDNA are used in circular (46) or linear 

(47) forms. In particular, scalable production of pure ssDNA at lower costs could enable yields 

required for therapeutic dosages of kilobase-length HDR template strands (48), a strategy that is 

further enabled by applying a DNAzyme approach for linearization (26). Scalable biological 

production of scaffolded DNA origami now matches production amounts from solid-state DNA 

synthesis commonly used for staple production, so that scaffolded DNA origami nanoparticles 

may now be produced at reasonable cost for mouse and higher animal therapeutic studies. Staple 

sequences synthesized with modifications to improve staple stability may further enhance 

nanoparticle lifetimes (28). 
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MATERIALS AND METHODS 

Plasmid assembly by single-stranded DNA. All sequences of phage genomes and primers are 

contained in Appendix Tables 5 and 6. The sequence of the f1 origin of replication was ordered 

from Integrated DNA Technologies (IDT, Inc., Coralville, IA) as a gBlock™ with 20 nt primers 

flanking the 5′ and 3′ sides designed to have a calculated melting temperature of 57ºC (50). Double 

stranded DNA was generated by amplification of the synthetic gBlock f1 sequence with Phusion™ 

polymerase (New England Biolabs, Inc., Ipswitch, MA). The beta-lactamase (bla) ampicillin 

resistance gene with its promoter and terminator sequences were amplified from pUC19 using 

Phusion™ polymerase and 5′ and 3′ primers extended on their 5′ by the complementary pair of the 

f1 gBlock fragment. In each case, the PCR-amplified material was purified by ZymoClean agarose 

gel purification (Zymo Research, Inc., Irvine, CA) and column cleanup (Qiagen miniprep spin 

purification kit, Qiagen, Inc., Germany). Single-stranded DNA was generated using asymmetric 

production with 200 ng of purified dsDNA and 1 μM 5′-phosphorylated primer and Accustart HiFi 

polymerase (QuantaBio, Inc., Beverly, MA) in 1× Accustart HiFi buffer with 2 mM MgCl2, and 

cycled 25 times, as previously described (51). The ssDNA was gel- and column-purified. The two 

ssDNA products were then mixed in a 1:1 molar ratio and the ssDNA was converted to dsDNA 

using Phusion polymerase, column purified, and ligated using T4 DNA ligase (NEB) in 1× T4 

DNA ligation buffer with 30 ng of amplified DNA incubated at room temperature overnight.  

 

E. coli strains M13cp (33), DH5α F′Iq (Thermo Fisher, Inc., Waltham, MA), and SS320 (Lucigen, 

UK) were each made competent by washing log-phase grown cells in ice cold 100 mM CaCl2. 20 

µL of competent cells were transformed with 2 µL of phagemid DNA ligation mix. Cells were 

incubated on ice for 30 minutes, heat shocked at 42ºC for 45 seconds, and then put on ice. Pre-
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warmed SOB media was added and the cell culture was shaken at 37ºC for 1 hour. 100 µL of cells 

were plated evenly across a Luria-Agar (LA) media plate made with 100 µg/mL ampicillin and 15 

µg/mL chloramphenicol. 

 

Individual colonies were selected and grown in 5 mL of Terrific Broth (TB) supplemented with 1% 

glycerol for overnight at 37ºC. Bacteria was removed by centrifuging at 4,000 rpm for 10 minutes. 

Supernatant was removed and placed in a new 1.5 mL spin column and spun at 4,000 rpm for an 

additional 10 minutes. 1 µL of the clarified supernatant was added to 20 µL of nuclease-free water 

and heated to 95ºC for 5 minutes, after which 1 µL of the heated solution was added to a Phusion 

PCR mix containing enzyme, buffer, nucleotides, and forward and reverse primers used to generate 

the plasmid. Positive colonies were determined by the presence of the PCR amplicon as visualized 

by agarose gel, and the purified phage were sent for Sanger sequencing. Of the eight colonies 

chosen, two were shown to have the correct sequence. The bacterial pellet was processed to purify 

all containing DNA by alkaline lysis and column purification (Qiagen miniprep spin kit, Qiagen, 

Inc., Germany). 

 

Synthetic phage production. Phage producing colonies, as judged by positive PCR, gel 

visualization, and sequencing results, were grown overnight in 4 mL 2×YT supplemented with 

100 μg/mL ampicillin, 15 μg/mL of chloramphenicol and 5 μg/mL of tetracycline (Sigma-Aldrich, 

Inc.) in 15 mL culture tubes shaken at 200 RPMs at 37ºC. The following day, the cultures were 

diluted to an O.D.600 of 0.05 in 2×YT supplemented with 100 μg/mL ampicillin, 15 μg/mL of 

chloramphenicol and 5 μg/mL of tetracycline and grown between 3 h to 27 h for time course 

experiments, and 8 h for media, pH, and strain optimization experiments. For pH optimization, the 
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pH was controlled by addition of 100 mM HEPES-NaOH to the 2×YT media. Strain-specific 

antibiotics were used as recommended by the manufacture. After the chosen time point, the 

cultures were spun down at 4,000 RPMs for 15 minutes, after which the supernatant was removed 

to a fresh tube and spun at 4,000 RPMs for an additional 15 minutes, and filtered using a 0.45 μm 

cellulose acetate filter. For gel and nanodrop quantification, 400 μL of the clarified media was 

lysed by addition of Qiagen Buffer P1 supplemented with Proteinase K (20 μg/mL final; Sigma) 

and RNase A/T1 and incubated at 37ºC for 1 h, followed by addition of Qiagen Buffer P2 and 

heating to 70ºC for 15 minutes, and letting return to room temperature. Qiagen Buffer N3 was then 

added and precipitant was centrifuged.  One volume of 100% ethanol was added to the supernatant 

and applied to a Qiagen spin column, and purified. The purified eluate DNA concentration was 

determined by A280 absorbance from a NanoDrop 2000 (Thermo Fisher) for each time point and 

condition tested, and ran on a 1% agarose gel in 1×Tris-Acetate-EDTA (TAE) stained with 

SybrSafe (Thermo Fisher) for visualization of the product.  The ssDNA purity was judged by 

ImageJ (52) intensity analysis  and the amount of ssDNA from the time point or condition was 

adjusted by this purity multiplied by the total amount of DNA found from A280 absorbance. 

 

For milligram-scale production of synthetic miniphage, a Stedium Sartorius fermenter was used 

for growing 5 L of culture. An overnight culture was grown in 2×YT supplemented with 100 

μg/mL Ampicillin and 15 μg/mL of chloramphenicol and 5 μg/mL of tetracycline and diluted to 

O.D. 600 of 0.05 for inoculating 5 L of media. The growth media for the batch fermentation was 

also 2×YT supplemented with 100 μg/mL Ampicillin and 15 μg/mL of chloramphenicol and 5 

μg/mL of tetracycline. Oxygen and pH were monitored throughout the growth, and the pH was 

automatically adjusted with phosphoric acid and ammonium hydroxide, with a constant agitation 
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of 800 RPM. Time points were taken approximately every hour and samples were processed as 

above for the shaker flask. At 8 h, 900 mL of liquid culture was removed for processing. For 

milligram-scale purification of ssDNA, 900 mL of liquid culture bacteria was pelleted by 

centrifuging twice at 4,000 × g for 20 min, followed by 0.45 μm cellulose acetate filtration. Phage 

from clarified media were precipitated by adding 6% w/v of polyethylene glycol-8000 (PEG-8000) 

and 3% w/v of NaCl and stirring continuously at 4ºC for 1 h. Precipitated phage were collected by 

centrifuging at 12,000 × g for 1 h, and the PEG-8000 supernatant was removed completely, and 

pellet was resuspended in 30 mL of 10 mM Tris-HCl pH 8, 1 mM Ethylenediaminetetraacetic acid 

(EDTA) buffer (TE buffer). The phage was then processed using an EndoFree Maxiprep (Qiagen, 

Germany) column-based purification, following the manufacturer’s protocol with two adjustments.  

First, proteinase K (20 μg/mL final) was added to EndoFree Buffer P1 and incubated at 37ºC for 

1 h before addition of EndoFree Buffer P2 and incubation at 70ºC for 10 min. The lysed phage 

was returned to room temperature before proceeding.  Second, after removal of endotoxins, 0.2 

v/v of 100% ethanol was added to the clarified sample, before applying to the EndoFree Maxiprep 

column to increase ssDNA binding. All other steps remained the same, and the cssDNA was eluted 

in 1 mL of endotoxin-free TE buffer. The amount of collected DNA was judged by absorbance at 

A280, and the purity was judged by running on a 1% agarose gel in 1× TAE stained with ethidium 

bromide. 

 

Endotoxin amounts were tested using the ToxinSensor chromogenic LAL endotoxin assay kit 

(GenScript, Piscataway, NJ) following the manufacturer’s protocol. The cssDNA phPB84 was 

diluted to 10 nM in endotoxin-free water, with absorbance read on an Evolution 220 UV/Vis 

spectrophotometer (Thermo Fisher). Stability from exonuclease I degradation was tested by 
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incubating cssDNA phPB84 with exonuclease I in 1× exonuclease buffer (NEB) at 37ºC for 30 

min.  The reaction was quenched by incubating the reaction at 80ºC for 15 min, and was 

subsequently ran on a 1% agarose gel in 1× TAE stained with ethidium bromide. 

 

DNA origami assembly. DNA purified from phages phPB52 and phPB84 were used to fold a 

pentagonal bipyramid with edge length 52 base pairs and 84 base pairs, respectively. Staples for 

each object were generated from the automated scaffold routing and staple design software 

DAEDALUS (19). Staples were synthesized by IDT, and listed in Appendix Table 7 and 8. To 

fold the nanoparticles, 20 nM of bacterially-produced and purified scaffold was incubated with 20-

molar excess of staples in 1×TAE buffer with 12 mM MgCl2. The objects were annealed over 13 

hours from 95ºC to 24ºC as previously described (19), and the folded particles were run on 1% 

agarose gel in 1×TAE buffer with 12 mM MgCl2 with the respective cssDNA scaffolds for 

reference. The folded nanoparticles were purified using a 100 kDA MWCO spin concentrator 

(Amicon) for a total of five 5-fold buffer exchanges as purification for TEM. 

 

Transmission electron microscopy.  The structured DNA pentagonal bipyramid with 52-base-pair 

and 84-base-pair edge length assembled using the phage-produced scaffold was visualized by 

transmission electron microscopy (TEM). 200 µL of folded reaction was purified from excess 

staples and buffer exchanged into 20 mM Tris-HCl pH 8.0 and 8 mM MgCl2 using a 100kDa 

MWCO spin concentrator (Amicon, Merck Millipore, Billerica, MA). The concentration was 

subsequently adjusted to 5 nM. Carbon film with copper grids (CF200H-CU; Electron Microscopy 

Sciences Inc., Hatfield, PA) were glow discharged and the sample was applied for 60 seconds. The 

sample was then blotted from the grid using Whatman 42 ashless paper, and the grid was placed 
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on drop of freshly prepared 1% uranyl-formate with 5mM NaOH for 10 s (53). Remaining stain 

was wicked away using Whatman 42 paper and dried before imaging.  The grid was imaged on a 

Technai FEI with a Gatan camera. 
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ABSTRACT 

Wireframe DNA origami have programmable structural and sequence features that enable them to 

be developed for a range of prophylactic and therapeutic applications. However, the 

immunological properties of these nanomaterials, including the roles of their geometric shape and 

CpG content, remain largely unknown. Here, we investigate the immunostimulatory properties of 

3D wireframe DNA origami on the TLR9 and cGAS-STING pathways using reporter cells and 

primary immune cells. Our results suggest that wireframe DNA origami induce a cGAS-STING 

dependent immune response, but are minimally TLR9 activating, despite the presence of numerous 

CpG dinucleotides within the scaffold and staples. However, displaying CpG-containing oligos 

from wireframe DNA origami results in robust TLR9 pathway activation and enhancement of the 

downstream immune response, which is substantiated by an increase in Type I and Type III IFN 

production in peripheral blood mononuclear cells. We then investigate the impacts of CpG copy 

number, inter-CpG spacing, and spatial patterning on the strength of TLR9 activation, and find 

that signaling intensity is correlated with CpG valency and density of clustering. Our results 

suggest that key properties of immunostimulatory wireframe DNA origami can be programmed to 

modulate immune pathway activation controllably, offering an improved understanding of how 

nanoscale organization of immunostimulatory oligos influences their interactions with the innate 

immune system, and highlighting design parameters that may prove useful for downstream 

biological applications.  
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INTRODUCTION 

The field of nucleic acid nanotechnology has over the past several decades developed technologies 

enabling the fabrication of programmable DNA-based assemblies of prescribed size, geometry, 

rigidity, and chemical composition1–9. These nanomaterials now comprise a toolbox for the design 

and fabrication of nanodevices capable of interacting with diverse cellular environments10–12. One 

approach to designing nucleic acid nanostructures on the 10–100nm scale is the concept of DNA 

origami, wherein programmed regions of a long, single-stranded DNA scaffold that are far apart 

in sequence space are brought into spatial proximity through the hybridization of small, single-

stranded DNA staples. Since the introduction of this strategy by Paul Rothemund13, who used this 

approach to pioneer the fabrication of 2D rectilinear, bricklike assemblies of parallel DNA 

duplexes, it has been generalized to enable the design of 2D and 3D wireframe duplexes, which 

can adopt arbitrary spatial orientations to fabricate polyhedral geometries1,3–5,9. Furthermore, 

recent development of fully automated sequence design algorithms facilitates the design and 

fabrication of wireframe structures composed of dual-duplex or six-helix-bundle edges with 

variable mechanical properties, allowing for the production of virus-like geometries and other 

more complex nucleic acid nanoparticle (NANP) shapes for diverse biophysical and cellular 

applications1–4,8,9. Scalable scaffold production strategies using M13 bacteriophage engineering 

and bioproduction have also now enabled control over scaffold sequence composition and length, 

expanding the accessible design space for such wireframe NANPs14–16.  

 

The ability to chemically functionalize NANPs also permits the attachment of therapeutic nucleic 

acid (TNA) cargo such as siRNA and miRNA, as well as small molecules, aptamers, peptides, and 

proteins with nanometer-level spatial control for active targeting or immune cell stimulation10,12,17 
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and enhances the potential of NANPs to interface with biological systems in vitro and in vivo 18,19. 

However, the immunostimulatory properties of DNA-based NANPs, which are fundamental to 

their in vivo application, have only been examined to a limited extent20,21. Specifically, Hong et al. 

identified the primary properties of structured DNA assemblies involved in immunological 

recognition22, and Schüller et al. demonstrated that nonfunctionalized DNA origami tubes did not 

trigger cytokine production or induce dendritic cell (DC) activation23. However, a systematic 

investigation of the immunostimulatory properties of wireframe DNA origami has yet to be 

performed, and while hypotheses can be formulated about the immune response towards such 

nanostructures based on their physical properties, the effect of nanostructuring and 3D nanoscale 

organization of intrinsically immunogenic oligonucleotides on immune recognition remain open 

questions. 

 

The innate immune system contains several pattern recognition receptors (PRRs) that are 

responsible for recognizing evolutionarily conserved pathogen-associated or damage-associated 

molecular patterns (PAMPs or DAMPs). Once activated, these PRRs invoke innate immune 

recognition while simultaneously activating the adaptive immune response24,25. Binding of PRRs 

to their corresponding ligand triggers activation of downstream signaling pathways, ultimately 

resulting in the production of Type I interferons (IFNs) and other proinflammatory cytokines that 

are essential for initiation of a host of immune functions26,27. Cyclic GMP-AMP synthase (cGAS) 

is one such PRR that responds to cytosolic double-stranded DNA (dsDNA) from both endogenous 

sources such as certain forms of cell death as well as exogenous DNA from pathogens28–30 in a 

sequence-independent but length-dependent manner30–33. Because wireframe DNA NANP edges 

are composed of duplex DNA, it is likely that if these NANPs are internalized into the cytosol of 
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cells that express the cGAS-STING pathway, they may trigger cGAS binding and downstream 

immune activation. 

 

Toll-like Receptors (TLRs) are a family of transmembrane PRRs that sense and respond to a wide 

variety of ligands, including nucleic acids. TLRs are composed of an N-terminal PAMP-binding 

ectodomain, a transmembrane domain and a C-terminal Toll IL-1 receptor domain (TIR), and are 

subdivided into two groups according to whether they localize at the cell surface membrane or 

within the endosomal membrane34,35. The endosomal TLR subfamily, which consists of TLR3, 

TLR7/8, and TLR9, is involved in nucleic acid recognition, and while TLR3 and TLR7/8 recognize 

dsRNA and ssRNA, respectively, TLR9 responds to single-stranded DNA (ssDNA) containing 

unmethylated cytosine-phosphate-guanine dinucleotides (CpGs)36–38. Each of the monomers 

within the TLR9 homodimer undergoes a conformational change upon binding to a CpG-

containing ssDNA oligo, enabling the formation of a 2:2 TLR9 monomer:CpG oligo complex in 

which each monomer interacts with both CpGs39,40. Activated TLR9 homodimer formation brings 

the two C-terminal TIR domains into close proximity, allowing for assembly of TIR-containing 

adaptor proteins (TIRAP) and MyD88 adaptor proteins into the myddosome, successful formation 

of which is critical for initiation of the downstream signaling cascade and production of Type I 

IFNs and pro-inflammatory cytokines39,41–43. Thus, the presence of CpG dinucleotides within the 

scaffold and staples of DNA-based NANPs may elicit TLR9 signaling and enable innate immune 

activation. Indeed, the therapeutic potential of the immune cascade triggered by TLR9 activation 

has prompted investigations into the optimization of CpG motifs, which are CpG dinucleotides 

placed within a particular sequence context that enhances their TLR9 activation efficacy, as well 

as into the application of TLR9 agonists as anti-cancer drugs, vaccine adjuvants, and combination 
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therapies, a few of which, such as MGN-1703 and SD-101, are in ongoing clinical development44–

48.  

 

DNA nanotechnology has also been used to stimulate innate immune signaling through TLR 

activation. For example, the Ding group50 developed a cancer vaccine nanodevice in which CpG 

loops were hybridized within an antigen-displaying DNA origami tube to enable TLR9 activation 

following pH-triggered conformational change of DNA locks. This study followed earlier work 

by the Liedl group23 that placed CpG oligos onto immune inert DNA origami tubes to induce CpG-

dependent cytokine production and immune cell activation, as well as work by Li et al. wherein 

they demonstrated that small self-assembled DNA tetrahedra functionalized with multivalent CpG 

motifs could induce enhanced secretion of inflammatory cytokines via activation of the TLR9 

pathway49. Recently, Comberlato et al. fixed CpG dimer pairs at distances of 7nm or 38nm on a 

2D nano-disk and showed that the 7nm dimer pair, which matched the distance between binding 

sites in the TLR9 dimer, induced increased immune activation, demonstrating the important of 

interligand distance50. However, while these studies evaluated changes in overall cytokine or 

surface marker expression levels induced by NANP delivery, there has not yet been an 

investigation of the relative contributions of individual pathways in NANP-induced innate immune 

responses, nor has there been a systematic evaluation of the impacts of specific NANP properties 

on innate immune activation. Previous studies using alternative nanotechnologies to DNA-based 

materials have also demonstrated that incorporating CpGs into nanostructures can influence the 

resulting immune response51,52. However, those studies were limited by the inability to precisely 

control ligand presentation and stoichiometry, so the relative impacts of nanoscale organization of 
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TLR ligands such as spatial positioning and valency on the intensity of pathway activation remain 

poorly understood.  

 

Here, to address the aforementioned gaps in our knowledge, we characterized the immunological 

properties of unmodified 3D wireframe origami NANPs by first examining the effects of NANP 

geometry and structuring on isolated immune pathways using reporter cell lines expressing TLR9 

and cGAS-STING, and subsequently assessing cytokine induction in human PBMCs. We then 

probed the relative impacts of immunostimulatory motif valency and spatial distancing on immune 

pathway activation by presenting discrete copy numbers of CpG oligos at precise locations on 

DNA NANPs and evaluating the effects of these design parameters on the magnitude of TLR9 

activation and interferon production. Finally, we interrogated the impact of the wireframe NANP 

itself on the ability of CpG oligos to activate TLR9 as well as how nanoscale organization of CpGs 

may be used to tune the intensity of immune pathway activation. Insights from our studies reveal 

design principles that may help enable the rational design of nucleic acid nanostructures with 

programmable immunostimulatory profiles for a variety of prophylactic and therapeutic 

applications.  
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RESULTS AND DISCUSSION 

Design and characterization of wireframe DNA NANPs 

Wireframe DNA origami NANPs were designed using DAEDALUS and folded from a bacterially 

produced synthetic circular scaffold and an excess of short single-stranded staples via thermal 

annealing16. In order to systematically evaluate the immunostimulatory properties of these NANPs, 

which are composed of dual-duplex DNA edges and additionally contain 262 CpG dinucleotides 

scattered throughout the scaffold and staples (Table S1), we focused on multiple variations of one 

primary NANP, a pentagonal bipyramid with 84 base pairs per edge (PB84). As a comparative 

construct to investigate the effects of geometry on TLR9 and cGAS-STING activation, we 

additionally fabricated an icosahedron with 42 base pairs per edge (ICO42), which was designed 

using the same scaffold as PB84 to eliminate potential effects of sequence variation on innate 

immune signaling (Figure 3.1A). In addition to the unmodified NANPs that we used to probe the 

intrinsic immunogenicity of these wireframe structures, we also fabricated PB84 and ICO42 

constructs in which select staples were extended on the 3’ end to expose a 20-nt single-stranded 

overhang comprising the CpG sequence ODN 2006/7909, a class B CpG ODN containing three 

repeats of an optimized hexamer known to strongly activate human TLR9. We used this approach 

to display CpG motifs at defined spatial locations on our NANP constructs in order to interrogate 

the effects of CpG copy number, spacing, and organization on TLR9 activation (Figure 3.1B). 

Validation of proper NANP self-assembly was first performed using agarose gel electrophoresis, 

in which successful folding was indicated by an upward shift of the folded NANP band relative to 

the scaffold band, with this shift enhanced by the addition of ssDNA overhangs. NANP 

monodispersity was evaluated using dynamic light scattering (DLS), and the hydrodynamic 

diameter of each sample was measured to validate batch to batch consistency in NANP folding 
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(Figure 3.1C). Fluorimetry using Cy5-labeled oligos hybridized to CpG overhangs confirmed the 

capability of this approach to present the expected copy numbers of CpGs on each NANP variant. 

A gel clot endotoxin test was used to verify that the endotoxin level of each sample was below a 

threshold of 1.5 EU/mL prior to its application in cell assays.  

 

 
Figure 3.1. NANP design and characterization. (A) DNA NANPs of varying sizes and 

geometries were fabricated with staples containing ssDNA CpG motif overhangs to control the 

copy number of CpGs displayed from NANP edges: (i) Icosahedron displaying up to 30 CpG 



83 
 

overhangs; (ii) pentagonal bipyramid displaying up to 40 CpG overhangs. Red circles denote 

locations where CpG overhangs are displayed on the NANP. (B) Design variations were used to 

explore the effects of CpG overhang copy number, inter-CpG distance, orientation, and sequence. 

(C) A fluorescent agarose gel shift assay was used to analyze the quality of NANP folding after 

spin column purification. Pentagonal bipyramids displaying 0, 10, 20, or 40 ssDNA overhangs 

hybridized to complementary Cy5-modified oligos show gel shifts corresponding to their 

increasing molecular weight on the SybrSafe channel, while the gel image taken in the Cy5 channel 

exhibits an increase in band intensity due to the successive increase in Cy5-CpG copy number on 

each NANP. (D) Dynamic light scattering (DLS) was used to evaluate NANP hydrodynamic 

diameter and polydispersity. Representative DLS measurements of an unmodified pentagonal 

bipyramid and an icosahedron are shown.  

 

Innate immune stimulation by unmodified DNA NANPs in vitro. 

We first sought to characterize the baseline immunostimulatory properties of NANPs by 

investigating the effect of unmodified PB84 and ICO42 on TLR9 and cGAS-STING pathway 

activation in vitro. HEK-Blue reporter cells expressing stably transfected human TLR9 were 

incubated with 10nM PB84 and ICO42, and to assess the impact of NANP structuring, we also 

tested equivalent concentrations of the scaffold (phPB84) as well as the PB84 and ICO42 staple 

sets as non-structured controls. Consistent with results from previous literature22, NANPs that were 

not complexed with lipofectamine prior to incubation with reporter cells failed to elicit an innate 

immune response. Thus, for all experiments described herein, all constructs were co-complexed 

with lipofectamine to enable transfection, and a lipofectamine-only control was also included in 

each assay (Figure 3.4).  
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Figure 3.2. NANP formulations do not significantly activate the TLR9 pathway in the 

absence of lipofectamine complexation. 10nM equivalent of PB84 scaffold, staples, and folded 

PB84 were not complexed with lipofectamine prior to incubation with HEK-Blue TLR9 cells for 

24 hours. No activation of TLR9 was observed for the staple and PB84 samples, and very minimal 

TLR9 activation was induced in response to the scaffold sample.  Data show the average 

absorbance of samples in triplicate with standard error, where n = 3 biologically independent 

assays. 

 

After incubation of TLR9 cells with all NANP samples for 24 hours, we evaluated TLR9 activation 

and found that structured constructs resulted in minimal activation of the TLR9 pathway, whereas 

the unstructured scaffold induced slightly stronger TLR9 activation (Figure 3.3A). Importantly, 

the phPB84 scaffold and the PB84/ICO42 staple sets from which the NANPs were folded 

contained several hundred CpG dinucleotides, although only three sets of these CpG dinucleotides 

could be considered strongly stimulatory CpG motifs according to previously identified sequence 

requirements47,48. Notwithstanding, this result still suggests that such CpGs, which are typically 

inaccessible in fully folded NANPs and might not be sufficiently exposed to induce TLR9 

engagement and downstream pathway activation even after NANP degradation by DNases, may 

induce low levels of TLR9 activation when presented in unstructured formulations. The effects of 
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NANP sequence composition on immune activation and the impact of structuring on the shielding 

of immunostimulatory motifs may therefore be an important question for future investigations.  

 

 
Figure 3.3. Cellular immunostimulation by unfunctionalized NANPs in vitro. (A) Activation 

of the TLR9 pathway in HEK-Blue hTLR9 cells or (B) the cGAS-STING pathway in THP1-Dual 

cells by PB84, Ico42, and scaffold versus staples negative controls. Readouts for the TLR9 and 

cGAS-STING assays were normalized to the positive controls (pos. con.) ODN2006 and TNF-a, 

respectively. Data were analyzed separately for each donor and all IFN expression levels were 

normalized to the corresponding positive control, ODN2216. Data in all assays were calculated 

from samples in triplicate, where n = 3 biologically independent assays.  

 

Unlike TLR9, which requires specific sequence contexts for binding and activation, cGAS 

responds to cytosolic dsDNA in a primarily sequence-independent manner. As a result, while 

neither of the unmodified PB84 nor ICO42 constructs induced strong TLR9 signaling, we 

hypothesized that they might instead elicit a substantial cGAS-STING response. To test this, we 

transfected PB84, ICO42, and their respective unstructured controls into THP1-Dual reporter cells. 

After a 24-hour incubation, we observed that cells treated with structured NANPs strongly 

activated the cGAS-STING pathway, while staples alone did not induce cGAS activation (Figure 
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3.3B). Surprisingly, we observed moderate levels of immune activation in response to transfected 

phPB84 scaffold. As some sections of the scaffold have potential for self-dimerization, this might 

have occurred during incubation, resulting in stretches of dsDNA becoming available for cGAS 

binding. To verify that the observed responses to these NANPs were indeed mediated by the TLR9 

and cGAS-STING pathways, we performed the same set of experiments in the Null 1 and THP1-

KO-cGAS cell lines, which do not express TLR9 and have a stable cGAS knockout, respectively 

(Figure 3.4). All formulations failed to elicit a response, confirming the role of these innate 

immune pathways in the NANP-induced responses.  

 

 
Figure 3.4. Responses of control reporter cells to transfected NANPs. Pathway activation is 

not observed in response to transfection of PB84, ICO42 or the unfolded control into (A) 

HEK293T cells without transfected TLR9 and (B) cGAS-knockout THP1-Dual cells. Data show 

the average absorbance of samples in triplicate with standard error, where n = 3 biologically 

independent assays. 
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Interferon response towards unmodified DNA NANPs in primary cells 

Having evaluated the responses of isolated innate immune pathways to DNA-based NANPs, we 

next sought to investigate the effects of these nanostructures on PBMCs, which contain many 

critical immune cell subtypes such as lymphocytes, monocytes, and dendritic cells and therefore 

represent a more complete model system of the innate immune response. We transfected PB84, 

ICO42, scaffold, and staples into PBMCs and recovered cell supernatant after a 20-hour 

incubation53. The immunostimulatory activity of each construct was quantified using a multiplex 

enzyme-linked immunosorbent assay (ELISA) to measure secretion of IFNa, IFNb, IFNw, and 

IFNl, interferons which are known to be expressed in response to intracellular nucleic acids24,25. 

We observed increases in production of all interferons in response to both PB84 and ICO42, as 

well as weaker but consistently elevated levels of IFN expression in response to the pHPB84 

scaffold (Figure 3.5). Interestingly, we found that the staples alone induced much higher levels of 

IFN production compared to the other NANP formulations, even though all of the constructs have 

the same sequence composition. This may be due to the fact that the staples are much smaller than 

the folded constructs and the scaffold, potentially allowing for higher transfection efficiency and 

therefore higher concentrations of CpG-containing oligos available for TLR9 binding. This result 

highlights the ability of nanostructuring to modulate the properties of the individual components: 

once these highly immunostimulatory staples are folded into a wireframe NANP, whether because 

of a decrease in transfection efficiency or reduced accessibility of CpG dinucleotides within the 

scaffold and staples to TLR9, the folded NANP is much less immunostimulatory than the sum of 

its parts.  
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Figure 3.5. Interferon expression in response to unmodified DNA NANPs in PBMCs. NANP-

induced expression levels of IFNa, IFNb, IFNl, and IFNw in PBMCs. Data were analyzed 

separately for each donor and all IFN expression levels were normalized to the corresponding 

positive control, ODN2216. Data in all assays were calculated from samples in triplicate, where n 

= 3 biologically independent assays. 

 

Taken together with the results from the reporter cell lines, these data suggest that while the 

immune response towards the unstructured scaffold and staples can be attributed towards both 

TLR9 and cGAS-STING, the immune response towards the structured NANPs is largely 

independent of the TLR9 pathway and may primarily be mediated by cGAS-STING. This suggests 

that the immunostimulatory profile of the individual NANP components is affected by sequence 

composition and self-dimerization potential, whereas properties which affect cGAS activation 

such as NANP duplex edge length might have the greatest influence on the immune response 

towards intact, unmodified DNA NANPs.  
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Figure 3.6. NANPs displaying CpG overhangs (CpG-OHs) activate TLR9 at controllable 

magnitudes. The strength of TLR9 activation corresponds to the copy numbers of CpG-OHs 

and/or densities of CpG-OH organization on (A) PB84 and (B) Ico42 NANPs. The overall 

concentration of CpG-OHs is constant across samples. For all assays, absorbances were 

normalized with the ODN2006 positive control (pos. con.). Data show the average absorbance of 

samples in triplicate with standard error, where n = 3 biologically independent assays. P values are 

from a one-sided analysis of variance (ANOVA) with correction for multiple comparisons (*: P £ 

0.05; **: P £ 0.01, ***: P £ 0.001, ****: P £ 0.0001). All unlabeled pair-wise comparisons are not 

significant.  

 

Designing DNA NANPs for controllable immunostimulation 

We next investigated the ability of 3D wireframe DNA NANPs to trigger programmable activation 

of the innate immune response through rationally designed display of immunostimulatory motifs. 

Since we did not observe significant stimulation of the TLR9 pathway by unmodified structured 

PB84 in previous reporter assays, we reasoned that we could treat this structure as 

immunologically inert in the context of TLR9 reporter cells. This NANP could then be controllably 

functionalized with immunostimulatory motifs to systematically investigate the relative impacts 

of various parameters of nanoscale display without any confounding levels of baseline TLR9 
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activation. To this end, we fabricated PB84 variants displaying 0, 10, 20, or 40 copies of CpG-OH 

distributed evenly across the exterior of the NANP (Figure 3.1B). Nanostructures displaying 

corresponding copy numbers of CpG-free overhangs (CpG-f-OH) of identical length and GC 

content served as comparative controls.  

 

We transfected each of the above formulations into HEK-Blue TLR9 cells, and following a 24-

hour incubation period, we verified that PB84 displaying 0 copies of CpG-OH did not activate 

TLR9. In contrast, each of the constructs displaying 10, 20, or 40 copies of CpG-OH induced 

TLR9 activation, and furthermore, the strength of TLR9 activation was directly correlated with the 

CpG-OH copy number on the nanostructure (Figure 3.6A). Importantly, the total concentration of 

CpG motifs was held constant across these samples, indicating that the magnitude of TLR9 

activation is dependent not only on the CpG concentration, but also on the valency of CpG motifs 

per NANP. We also found that all constructs displaying CpG-f-OH, regardless of copy number 

per NANP, did not induce significantly higher levels of TLR9 activation compared with the 

unmodified nanostructure, which shows that changes in non-CpG-containing total DNA content 

have no effect on TLR9 signaling (Figure 3.7).  
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Figure 3.7. The presence of CpG motifs within the ssDNA overhangs is critical for TLR9 

activation. Regardless of the copy number of CpG-free overhangs displayed on PB84, there is no 

significant difference between the level of TLR9 activation induced by those constructs compared 

to nonmodified PB84. Data show the average absorbance of samples in triplicate with standard 

error, where n = 3 biologically independent assays. 

 

To test whether this method of controllable immunostimulation was applicable to more than a 

single type of NANP, we also fabricated ICO42 displaying 0, 10, 20, or 30 copies of CpG-OH. As 

with PB84, we observed that the magnitude of TLR9 activation was dependent on the copy number 

of CpG-OH presented by the NANP (Figure 3.6B). However, the magnitude at which the TLR9 

pathway was activated by ICO42 and PB84 constructs displaying identical copy numbers of CpG-

OH was not the same, suggesting that the spatial organization of CpG overhangs on the 

nanostructures may influence TLR9 activation levels as well. 
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Figure 3.8. Innate immune response of PBMCs in response to engineered 

immunostimulatory NANPs. PBMCs were transfected with 10nM of NANPs and incubated for 

24 hours prior to multiplex ELISA analysis of interferon expression. Higher expression of (A) 

IFNa, (B) IFNl, (C) IFNb, and (D) IFNw was observed in response to PB84 displaying 20 or 40 

CpG-OHs compared to the unmodified PB84, while the addition of 20 or 30 CpG-OHs to ICO42 

had minimal effect in some cases and reduced interferon expression in others. ODN2216 was used 
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as the assay positive control (pos. con.). Each bar represents averaged triplicate data from a single 

donor, where n = 3 donors.  

 

To investigate whether the ability of these NANPs to controllably modulate immune pathway 

activation was reproducible outside of reporter cell lines, we evaluated the capability of these 

NANPs to induce interferon production in primary immune cells. PB84 with 0, 20, and 40 copies 

of CpG-OH and ICO42 with 0, 20, and 30 copies of CpG-OH were transfected into PBMCs, where 

the total concentration of CpG-OHs in each sample was held constant at 10nM. After incubation 

for 20 hours, subsequent multiplex ELISA analysis of cell supernatant showed that for all analytes 

tested, CpG-OH-displaying PB84 constructs induced significantly higher interferon expression 

compared to their unmodified counterparts (Figure 3.8). Additionally, interferon production was 

generally higher in response to PB84 displaying 40 copies of CpG-OH compared to PB84 with 20 

copies of CpG-OH. Interestingly, unlike what was seen in the reporter cell assays, the increase in 

IFN response towards ICO42 displaying CpG-OHs appeared to saturate at 20 CpG-OHs. In most 

cases, ICO42 displaying 30 copies of CpG-OH induced similar levels of IFNs to the unmodified 

ICO42, and in a few cases, IFN expression in response to ICO42 with 30 CpG-OHs was actually 

lower than the unmodified NANP. Because the baseline immunostimulation induced by ICO42, 

likely mediated by cGAS-STING, was already quite high, it’s possible that the addition of 20 CpG 

overhangs elicited an increase in TLR9 activation while minimally affecting cGAS binding, 

whereas the addition of 30 CpG overhangs significantly hindered the ability of cGAS to bind to 

ICO42, so much so that the increase in TLR9 activation was not sufficient to compensate for the 

loss of cGAS-STING activation. These results imply that CpG valency and spatial organization 

can indeed be tuned to controllably modulate the strength of the NANP-mediated innate immune 

response, but the specific levels of each parameter may need to be optimized for different NANP 
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geometries. However, as with the reporter cell assays, NANPs that were not complexed with 

lipofectamine did not elicit cytokine production, suggesting that these nanostructures may not be 

natively taken up by any immune cell populations within PBMCs at sufficient levels to activate 

immune signaling, and therefore may be largely immunologically inert in the absence of 

functionalizations enabling cellular uptake and internalization, minimizing the potential for off-

target immunostimulation. 

 

Investigating the parameters controlling DNA NANP-mediated immune activation 

Now that we have demonstrated that these NANPs can be modified with CpGs to tune TLR9 

activation and modulate the resulting innate immune response, we sought to elucidate the roles of 

the NANP design parameters contributing to this controllable immunostimulation. Because we 

saw that NANP structuring significantly affected the intensity of TLR9 signaling, we started by 

further investigating the role of NANPs in TLR9 activation. As precise control over directionality 

and spatial positioning is one unique advantage of wireframe DNA origami, we began by testing 

whether the orientation of CpG-OH presentation on NANPs affected TLR9 activation. 

Interestingly, we found that there were no significant differences in TLR9 signaling between PB84 

constructs displaying CpG-OHs on the exterior versus interior of the NANP (Figure 3.9B). This 

may be the result of the flexibility of the 20-nt ssDNA overhang and the wireframe structure of 

NANPs; because only the duplex edges are solid, the 3’ terminus of the inward-facing overhangs 

may in fact end up on the exterior of the NANP, and vice versa.  
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Figure 3.9. The ability of CpG overhangs to activate TLR9 is not affected by orientation. 

TLR9 activation levels increase monotonically with CpG-OH copy number regardless of whether 

the overhangs are inward-facing or outward-facing (Figure 3.6). 

 
To further understand the contribution of the NANP itself to TLR9 activation, we treated HEK-

Blue TLR9 cells with free CpG-OH and found that there was no TLR9 signaling in response to 

free CpG-OH at any of the tested concentrations, even though the same concentrations of CpG-

OH displayed on NANPs induced strong TLR9 activation (Figure 3.10). To test whether this lack 

of activation may be due to degradation of free CpG-OHs by intracellular DNases, we incubated 

HEK-Blue TLR9 cells with phosphorothioate-stabilized free CpG-OHs (pCpG-OHs). Unlike the 

non-stabilized CpG-OHs, the magnitude of TLR9 activation was correlated with the concentration 

of pCpG-OHs delivered (Figure 3.10).  
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Figure 3.10. Effect of attachment to NANPs and phosphorothioate stabilization on the ability 

of CpG overhangs to activate TLR9. Phosphodiester CpG overhangs displayed on PB84 induce 

similar levels of TLR9 activation to corresponding concentrations of free phosphorothioated CpG 

overhangs. Additionally, overhangs that are both phosphorothioated and attached to PB84 induce 

similar levels of TLR9 activation at 10-fold lower concentrations compared to their phosphodiester 

or non-PB84-attached counterparts. Data show the average absorbance of samples in triplicate 

with standard error, where n = 3 biologically independent assays.    

 
As phosphorothioate stabilization of CpG-OHs was able to rescue their ability to activate TLR9, 

this suggests that CpG oligo degradation significantly impacts TLR9 activation, corroborating our 

earlier hypothesis. Interestingly, we found that when CpG-OHs were displayed on NANPs, they 

were able to induce similar levels of TLR9 activation as their free pCpG-OH counterparts. These 

results demonstrate that in terms of the ability to activate the TLR9 pathway, attachment of CpG-

OHs to DNA NANPs produces a similar effect to phosphorothioate stabilization, suggesting either 

that NANP-bound CpG-OHs may be less susceptible to DNase degradation, or alternatively that 

the effects of NANP-mediated CpG-OH clustering may be able to compensate for the limited 



97 
 

stability of phosphodiester CpG overhangs. Finally, we tested the effect of the proximity between 

the CpG motif and the NANP by varying the location of the CpG along the ssDNA overhang.  

 

 
Figure 3.11. The location and number of CpG motifs within ssDNA overhangs affects the 

strength of TLR9 activation. (A) The magnitude of TLR9 signaling decreases as the CpG motif 

(denoted by the orange circle) is shifted closer to the nanoparticle. (B) Increasing the number of 

CpG motifs on each overhang results in a corresponding increase in TLR9 activation. The total 

concentration of overhangs is kept constant in each sample. Data show the average absorbance of 

samples in triplicate with standard error, where n = 3 biologically independent assays. P values are 

from a one-sided analysis of variance (ANOVA) with correction for multiple comparisons (*: P £ 

0.05; **: P £ 0.01, ***: P £ 0.001, ****: P £ 0.0001). All unlabeled pair-wise comparisons are not 

significant.  

 
We found that NANPs where the CpG motif was furthest away from the NANP induced 

significantly higher levels of TLR9 activation compared to NANPs where the CpG motif was 

spatially closer along the ssDNA overhang (Figure 3.11). This suggests that the NANP may 

provide a steric hindrance towards CpG-TLR9 binding when there is not sufficient distance 
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between the dual-duplex edge of the NANP and the CpG motif, which highlights spatial distancing 

as another parameter that can be tuned to influence the magnitude of TLR9 activation. 

 

In the previous assays, the CpG-OH valency, inter-CpG distance, and pattern of presentation were 

all unique for each of the NANPs tested. As such, any or all of these properties could theoretically 

be a potential determinant of the strength of TLR9 activation. However, as these variables are 

interdependent, it is difficult to evaluate any of these properties in isolation using the current 

system. To partially circumvent this technical limitation, we reduced the complexity of the system 

by holding the CpG-OH copy number constant and analyzing the effects of the remaining 

parameters on the TLR9 pathway. As the crystal structure of an activated TLR9 dimer in complex 

with two CpG oligos has been published, we measured the inter-CpG distance using PyMOL and 

determined it to be approximately 7-8nm. Consequently, we fabricated three PB84 variants, each 

displaying 10 copies of CpG-OH, in which the distances between adjacent CpG overhangs were 

varied across constructs (Figure 3.12A). The distance between adjacent CpG overhangs on one 

construct was 7nm, matching the measured distance between TLR9-bound CpG oligos, while the 

inter-CpG distances on the other two constructs were 14nm and 20nm, distances which are 

significantly larger than the theoretical ‘optimal’ spacing. Upon transfecting these samples into 

HEK-Blue TLR9 cells, we observed that the NANP in which the distance between adjacent CpG-

OHs was 7nm induced a significantly higher level of TLR9 activation compared to the constructs 

in which the spacing between adjacent CpG-OHs was significantly larger than the measured 

distance between CpG binding pockets.   
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Figure 3.12. TLR9 activation is dependent on CpG-OH valency, inter-CpG distance, and 

spatial distribution of CpG-OHs. HEK-Blue TLR9 cells were incubated with NANPs displaying 

100nM CpG for 24 hours. (A) TLR9 activation measured in response to stimulation with PB84 

displaying 10 CpG-OHs with different spacings between adjacent CpGs shows that the strongest 

TLR9 activation is induced by the 7nm spacing construct. (B) Comparison of PB84 constructs in 

which either one or both sides of the NANP displays 5 CpG-OHs. TLR9 activation is significantly 

stronger for constructs in which both sides of PB84 are modified to display CpG-OHs. 

Absorbances were normalized with the ODN2006 positive control (pos. con.). Data show the 

average absorbance of samples in triplicate with standard error, where n = 3 biologically 

independent assays. P values are from a one-sided analysis of variance (ANOVA) with correction 

for multiple comparisons (*: P £ 0.05; **: P £ 0.01, ***: P £ 0.001, ****: P £ 0.0001). All 

unlabeled pair-wise comparisons are not significant.  

 

Additionally, in order to investigate the effect of spatial distribution of CpG-OHs across different 

faces of the NANP, we synthesized PB84 constructs with five CpG-OHs displayed at low, medium, 

and high clustering densities on either one or both sides of the NANP. Interestingly, we found that 

there was a significant difference in TLR9 signaling between each of the five CpG-OH constructs 

and their corresponding 10 CpG-OH counterparts, even though the total CpG concentration and 

the density of CpG-OH motifs was held constant for each pair of NANPs (Figure 3.12B). As 
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clustering of multiple activated TLR dimers in close proximity has been shown in previous studies 

to mediate enhanced downstream signaling via stable myddosome formation, the ability of the 10 

CpG-OH construct to coordinate binding of more dimers than its five CpG-OH counterpart may 

explain the observed increase in TLR9 activation levels.  

 

CONCLUDING DISCUSSION 

We characterized baseline immunostimulatory effects of wireframe DNA NANPs in reporter cell 

lines and show that the immune response towards these nanostructures is primarily driven by the 

cGAS-STING pathway, while intact nanostructures do not induce a TLR9 response. We then 

functionalized these nanostructures with immunostimulatory CpG overhangs and demonstrated 

that both TLR9 activation levels and the downstream production of Type I and III IFNs can be 

controllably modulated by adjusting critical design parameters. These parameters included CpG 

valency, clustering density, and pattern of presentation, as well as NANP geometry and CpG motif 

stabilization. Lastly, we investigated several physical parameters regulating intra- versus inter-

TLR9 dimer binding, noting considerable future work to be performed to fully understand the 

mechanistic basis of immune signaling by NANPs. 

 

Specifically, one open question is how the lipofectamine-complexed NANPs are able to escape 

from endosomes and activate cytosolic cGAS-STING. As suggested in previous studies, 

lipofectamine may help NANPs avoid lysosomal degradation by evading active transport and 

enable intact NANPs to escape through transient pores in the endosomal membrane54; alternatively, 

NANPs may experience partial degradation within the acidic environment prior to endosomal 

escape, but not so much that cGAS-STING cannot be activated. Another question is how NANP 
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immunogenicity may change with nuclease- or pH-mediated NANP degradation over time. While 

cGAS-STING activation levels will likely decrease as the dual-duplex edges of the NANP are 

progressively degraded, the heightened activation of the TLR9 pathway by the unfolded scaffold 

and staple formulations compared to the folded constructs suggests that TLR9 activation may 

increase over time, highlighting the importance of a future investigation into the effects of scaffold 

and staple sequence composition on NANP immunogenicity. Lastly, another important question 

that would be interesting to explore more thoroughly in future studies is whether wireframe DNA 

NANPs primarily modulate TLR9 activation levels by enhancing activation of individual TLR9 

dimers or coordinating activation of clusters of dimers, which might be resolved by super-

resolution fluorescence imaging55–57.  

 

Taken together, the nanoscale precision at which ligands can be displayed on DNA nanostructures 

provides a platform to investigate this dual binding regime hypothesis. Because of the flexibility 

of ssDNA, rather than an optimal distance between adjacent CpG-OHs, there likely exists a range 

of inter-CpG distances that allows for effective TLR9 dimer activation as well as a minimal 

distance between sets of CpG-OHs that allows for multi-TLR9 dimer binding. This also implies 

that there must be a threshold distance between CpG overhangs above which intra-TLR9 dimer 

binding is no longer possible and binding, if any occurs, must take place across different TLR9 

dimers. Further exploration of this hypothesis using our DNA NANP platform may deepen our 

understanding of TLR pathway activation and allow for the rational design of nanostructures that 

can efficiently coordinate the formation of activated TLR9 clusters for enhanced signaling 

activation. 
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While nucleic acid nanodevices have been applied to various therapeutic areas, their 

immunostimulatory properties have been explored to a lesser degree. Such fundamental 

understanding of NANP immunological properties is important to inform viable therapeutic, 

prophylactic, and diagnostic capabilities of these novel nanomaterials. By establishing a deeper 

understanding of the baseline immunostimulatory properties of unmodified wireframe DNA 

NANPs and the relative impacts of various NANP design parameters on DNA-NANP-mediated 

tunable TLR9 activation, we can work towards enabling the design of DNA nanostructures with 

specific immunostimulatory profiles for therapeutic outcomes.  
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MATERIALS AND METHODS 

Scaffold Synthesis. 

The circular ssDNA scaffolds used to fold all variants of PB84 and ICO42 described in the paper 

were produced using a previous published method of bacterial production16. E. coli SS320 cells 

(Lucigen) containing the circular phagemid comprising the target scaffold sequence and a M13cp 

helper plasmid, provided by Dr. Andrew Bradbury (Los Alamos National Laboratory), were grown 

overnight in 25mL 2 x YT broth (manufacturer, cat. code) supplemented with 100 ug/mL 

ampicillin (Sigma-Aldrich, cat. code A5354-10ML), 15 ug/mL chloramphenicol (Sigma-Aldrich, 

cat. code C0378-25G) and 5 ug/mL tetracycline (Sigma-Aldrich, cat. code T7660) in a 200mL 

flask shaken at 200 RPM at 37C. After 16 hours, the overnight was diluted to an OD600 of 0.05 

in 2 x YT broth containing the same supplements and grown for 8 hours at 200 RPM at 37C.  

 

Scaffold Purification. 

Bacterial cultures were centrifuged at 4000 x g for 30 minutes at 4C, transferred into a clean bottle, 

and subjected to an identical centrifugation step. The clarified supernatant was then filtered with a 

0.45 um cellulose acetate filter (Sigma-Aldrich, cat. code CLS430516-12EA), poured into a sterile 

750mL bottle along with 6% w/v PEG-8000 (Sigma-Aldrich, cat. code P2139-500G) and 3% w/v 

NaCl, and stirred continuously for 16 hours at 4C. Following PEG precipitation, phage was 

harvested by centrifuging the solution at 20,000 x g for 30 hour at 4C and discarding the 

supernatant. The phage-containing pellet was then processed using an Endofree Plasmid Giga Kit 

(Qiagen, cat. code 12391), with the following adjustments: a final concentration of 20 ug/mL 

Proteinase K was added to Buffer P1, and the solution was incubated at 37C for 1 hour prior to 

addition of Buffer P2. Following Buffer P2 addition, the solution was heated to 70C for 10 minutes 
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and allowed to cool back to room temperature before proceeding with the rest of the standard 

protocol. Finally, after addition of Buffer ER, 200mL of 100% ethanol was added to improve 

ssDNA binding. All remaining steps are left unchanged. The concentration of purified ssDNA was 

determined by measuring absorbance at 280nm using a Nanodrop, and the purity of the sample 

was evaluated by running it on a 1% agarose gel in 1X TAE stained with SybrSafe. A quantitative 

measure of sample endotoxin level was determined using Endosafe LAL cartridges with the 

Endosafe nexgen-PTS system, and Rapid single-test LAL vials (Charles River Laboratories) were 

used to establish qualitatively whether sample endotoxin levels were below a pre-specified 

threshold. Both endotoxin assays were performed according to manufacturer protocols.  

 

Endotoxin purification. 

In the cases when additional endotoxin purification was needed, chilled 10% v/v Triton X-114 was 

added to the sample to a final concentration of 2% v/v Triton X-114. The sample was placed on a 

rocker at 4C for 30 minutes, then transferred to a rocker at 37C for 5 minutes. Lastly, the sample 

was centrifuged at 30790xg for 30 minutes at 37C. The sample was then carefully removed from 

the centrifuge and the top layer of the phase-separated sample was gently pipetted into an 

endotoxin-free microcentrifuge tube. This process was repeated until sample endotoxin levels were 

below the desired threshold for subsequent assays. 

 

Synthesis and Purification of DNA NANPs. 

NANPs were designed using DAEDALUS, with modifications to add ssDNA overhangs being 

carried out in Tiamat or UCSF Chimera. Briefly, to design inward- or outward-facing overhangs, 

the locations of nick positions were shifted by the required number of bases to ensure that the 3’ 
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ends of staples would be pointing perpendicularly inward or outward with respect to the center of 

the nanostructure. No additional nicks were created and all new nick positions were located such 

that at least 8 bases separated the nick position from the location of the nearest crossover. The 

modified NANP designs were exported into Excel, and the staples chosen to be functionalized 

with ssDNA overhangs were extended by concatenating the sequence of the overhang to the 3’ 

end of the existing staple sequence (Supplementary Table 2). To fold NANPs, a circular exact size 

bacterially produced ssDNA scaffold was mixed with a 5X excess of ssDNA staples, 1X TAE, 

12mM MgCl2, and nuclease-free water, and folded through a 13 hour thermal annealing process 

in which the temperature was gradually ramped down from 95C to 25C as described in previous 

literature9. To remove the excess staples and buffer exchange into sterile PBS, nanostructures were 

pipetted into Amicon Ultra 100kDa MWCO centrifugal filters (Sigma-Aldrich, cat. code 

UFC810024) and spun at 1000xg for 30 minutes at room temperature for up to 5 rounds. In 

between each round, the flow-through was discarded and additional PBS was added. Staples were 

purchased through Integrated DNA Technologies (IDT) or synthesized in-house using a Dr. Oligo 

synthesizer following the recommended protocol and purified using a size exclusion column with 

a Waters HPLC. Phosphoramidites for in-house synthesis of the phosphorothioated CpG 

overhang-containing staples (Supplementary Table 2) were ordered from Glen Research.  

 

Gel Shift Assay, Dynamic Light Scattering, Fluorimetry. 

Agarose gel electrophoresis was used to analyze degree of NANP folding. 1.5% low melt agarose 

was dissolved in buffer containing 1X TAE and 12 mM MgCl2 and slowly heated to boiling, then 

cooled back to room temperature. SybrSafe was mixed into the gel according to manufacturer 

protocols and the gel was allowed to set for at least 45 minutes at room temperature or 4C prior to 
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gel electrophoresis. 100ng of DNA NANP sample was mixed with gel loading buffer (final 

concentration 1X) with water to make up the necessary volume. The gel was placed in a chamber 

containing pre-chilled gel running buffer consisting of 1X TAE and 12mM MgCl2, and once the 

samples were loaded, the gel was run at 85V for 120 minutes at 4C. Images were captured using a 

Typhoon. DLS was used for validation of NANP monodispersity: samples were diluted to 50nM 

in PBS, and 50uL of each sample was loaded into a plastic cuvette to be evaluated on a ZetaSizer. 

Samples were analyzed in triplicate using single angle scattering. Quantification of CpG copy 

number on NANPs was measured using a Tecan Spark. A Cy5-conjugated ssDNA oligo purchased 

from IDT was hybridized to folded NANPs via a 4 hour thermal annealing ramp during which the 

sample temperature was decreased incrementally from 37C to 25C. Fluorescently labeled NANPs 

were purified using the spin purification method described above and concentration was 

determined using UV-Vis measurements taken on a Nanodrop (specify) with absorbances set to 

260nm and 647nm. A fluorescent calibration curve was produced using serial dilutions of the free 

CpG overhang hybridized to the Cy5-conjugated ssDNA oligo and measured with the Tecan Spark 

to produce a regression line with which the coverage of CpGs on each NANP variant was 

determined.   

 

Reporter Cell Assays. 

HEK-Blue TLR9 reporter cells and THP1-Dual reporter cells were purchased from Invivogen and 

cultured according to manufacturer protocols. One day prior to cell assays, TLR9 cells were 

detached from the flask, centrifuged at 250xg for 5 minutes at room temperature and resuspended 

in fresh growth medium, consisting of Dulbecco’s Modified Eagle Medium with 4.5 g/L glucose 

(Sigma-Aldrich, cat. code D6546-6X500ML), 10% heat-inactivated FBS (Fisher Scientific, cat. 
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code SH3007002HI), 100 U/mL penicillin, 100 ug/mL streptomycin (Life Technologies, cat. code 

15140148), 100 ug/mL Normocin (manufacturer, cat. code) and 2mM L-glutamine (Fisher 

Scientific, cat. code SH3003401). Cells were counted using a Nexcelom Cellometer Auto 2000 

and 80,000 cells in 160uL media were seeded into a flat-bottom 96-well plate. Cells were allowed 

to adhere for 24 hours prior to removal of growth medium from each well and subsequent addition 

of 160uL of prewarmed HEK-Blue Detection Medium. 40uL of NANP sample was added to each 

well, with each sample being tested in triplicate, and cells were incubated at 37C and 5% CO2 for 

20-24 hours. TLR9 activation levels were quantified by reading the absorbance of the 96-well plate 

at 620-655nm using a spectrophotometer and normalized to a PBS negative control. For cGAS-

STING assays, THP1-Dual reporter cells were centrifuged at 250xg for 5 minutes at room 

temperature and resuspended in fresh test medium, consisting of RPMI 1640 (Life Technologies, 

cat. code 11875093), 2mM L-glutamine, 25mM HEPES, 10% heat-inactivated FBS, 100 U/mL 

penicillin, and 100 ug/mL streptomycin. 100,000 cells in 160uL media were seeded into a flat-

bottom 96-well plate and 40uL of NANP sample was added to each well, with each sample being 

tested in triplicate. Cells were incubated at 37C and 5% CO2 for 20-24 hours, after which 20uL of 

cell supernatant was carefully transferred into an opaque white 96-well plate. 50uL of QUANTI-

Luc assay solution (Invivogen, cat. code rep-qlc1) was added to each row of the 96-well plate, the 

plate was gently tapped several times on each side to mix, and luminescence readings were 

quantified using a luminometer set to a 0.1 second reading time. Positive controls for TLR9 and 

cGAS-STING assays were not complexed with lipofectamine prior to incubation with PBMCs.  
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PBMC Isolation, Stimulation, and Multiplex ELISA. 

Research donor blood was obtained from anonymous healthy donor volunteers under the IRB 

approved NCI-at-Frederick Protocol OH9-C-N046 and the IRB approved exemption E-3359. 

PBMCs were isolated from three separate human donor buffy coats following the NCL protocol 

ITA-10 and tested following protocol ITA-2753. Briefly, blood was mixed at a 1:1 ratio with fresh 

PBS and gently layered onto Ficoll-Paque (Fisher Scientific, cat. code 45001751) at a ratio of 3 

mL Ficoll-Paque to 4mL diluted blood in a 50mL Falcon tube. Tubes were centrifuged at 900xg 

for 30 minutes with minimum acceleration and with the brakes off, after which the PBMC layer 

was gently pipetted into a new 50mL tube. PBMCs were washed three times with HBSS (Life 

Technologies, cat. code 24020117) and resuspended in complete RPMI. Cells were counted using 

a Nexcelom Cellometer Auto 2000 and 1.25 x 106 cells in 160uL media were seeded into a flat-

bottom 96-well plate. NANP samples were complexed with Lipofectamine 2000 (Life 

Technologies, cat. code 11668027) at a ratio of 4:1and incubated at room temperature for 30 

minutes, after which OptiMEM (Life Technologies, cat. code 31985062) was added to dilute the 

NANPs to the correct working concentration. 40uL of the lipofectamine-complexed NANP sample 

was added to each well, with each sample being tested in triplicate, and cells were incubated at 

37C and 5% CO2 for 20-24 hours. 150uL of cell supernatant was carefully transferred into a new 

96-well plate, and the plate was flash frozen and stored at -80C. Supernatant was then shipped on 

dry ice to Quansys Biosciences, which analyzed production of IFNa, IFNb, IFNw, and IFNl using 

multiplex ELISA.  
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CONCLUSIONS 

In the decades since the first description of the construction of an immobile Holliday junction by 

Seeman in 1982, DNA nanotechnology has come a long way. Numerous advancements in the field 

such as the development of the DX tile, the introduction of DNA origami, and the creation of 

automated design algorithms, have facilitated the design and synthesis of increasingly complex 

DNA-based nanodevices capable of sensing, responding to, and interacting with their 

environments in a controllable manner. The high degree of nanoparticle customizability and the 

nanoscale precision of ligand functionalization has led to the use of DNA nanoparticles for a vast 

range of applications in fields such as chemistry, biology, materials science, and computer science. 

However, the application of DNA nanostructures towards therapeutic directions, specifically, has 

exposed several limitations in existing scaffold production technologies and has highlighted the 

need for a deeper understanding of how DNA origami design may influence its immunological 

recognition.  

 

The M13 bacteriophage genome has long been the most prevalent source of ssDNA for DNA 

origami synthesis. Not only is it fully sequenced, but its length (~6.4kb) is also sufficient to fold 

most nanostructures and it is extremely easy to propagate in cultures of E. coli. However, there is 

very little sequence control and the presence of protein coding genes is less than optimal for 

therapeutic purposes. Thus, there is a need for the field to move away from the use of phage-

derived scaffolds and investigate methods of custom scaffold production. In Chapter 2 of my thesis, 

I describe the development of a novel method of ssDNA bioproduction which is both scalable and 

enables a high degree of sequence customization. We constructed a phagemid containing a user-

defined custom sequence and show that when the phagemid is co-transformed into cells with the 
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M13cp helper plasmid, this system successfully produces pure phagemid ssDNA in a shaker flask 

system. Following several rounds of growth condition optimization, we test the scalability of this 

method with a 10L bioreactor batch fermentation and demonstrate the production of milligram-

scale quantities of pure, circular kilobase-length ssDNA with customized sequences. We next 

show the ease of downstream purification without the need for removal of contaminating dsDNA 

or helper plasmids, and finally, we validate the use of these scaffolds for DNA nanotechnology by 

folding the circular ssDNA products into programmed geometries, characterized by gel shift assays 

and TEM. This method enables the production of DNA origami with custom sequences at the 

scales necessary for clinical applications while simultaneously streamlining the downstream 

purification to maximize yield and reduce the required processing time. Additionally, the high 

degree of sequence control facilitates the synthesis of rationally designed scaffolds containing 

functional sequences, such as mRNA for the production of therapeutically relevant proteins, 

recognition sequences for RNA capture, or immunostimulatory motifs for targeted immune 

activation. 

 

The development of the scaffold production technology described in Chapter 2 enabled the 

synthesis of DNA origami at the milligram scales required for in vitro cell assays and in vivo 

studies, thereby greatly expanding the set of questions that could be explored using this platform. 

In Chapter 3 of my thesis, I take advantage of this expanded scaffold production capability to delve 

into several questions about how wireframe DNA nanoparticles interact with the immune system 

and how they might be engineered for controllable immune activation. Despite previous cytokine-

level characterization of the immunostimulatory profiles of other classes of DNA nanostructures, 

there has not yet been a systematic investigation into the immunological recognition towards 
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wireframe DNA origami. Additionally, although DNA nanodevices have previously been used to 

display immune adjuvants, there is still a lack of understanding of how DNA origami design 

parameters and ligand spatial organization impact the resulting immune response, both in terms of 

the activation of individual innate immune pathways and in terms of the downstream interferon 

response. To address these questions, I began by characterizing the response of the TLR9 and 

cGAS-STING pathways towards a ssDNA scaffold as well as two different geometries folded from 

this scaffold, a pentagonal bipyramid (PB84) and an icosahedron (ICO42). I found that the 

structured nanoparticles induced minimal TLR9 activation while the unstructured scaffold control 

resulted in stronger TLR9 signaling, suggesting that the CpG motifs within the scaffold that are 

required for TLR9 activation may be inaccessible upon folding. Additionally, cGAS was strongly 

activated by both folded PB84 and ICO42. This level of activation was higher than what was 

induced by the unstructured scaffold, reinforcing the idea that nanostructuring plays a role in 

immunological recognition and suggesting that the immune response towards unmodified 

wireframe DNA nanostructures is primarily cGAS-mediated. I then tested these constructs in 

PBMCs, a model system that is commonly used to study the innate immune response, and found 

that the unmodified, structured nanoparticles induced strong expression of all Type I IFNs as well 

as IFNλ, a Type III IFN, while the unstructured controls induced moderate levels of interferon 

expression.  

 

Upon elucidating the baseline immunostimulatory profile of unmodified wireframe DNA 

nanoparticles, I then sought to engineer nanostructures capable of controllably tuning the immune 

response. I started by using the TLR9 reporter cell system, which exhibited minimal to no 

activation in response to unmodified DNA nanoparticles. By attaching increasing copy numbers 
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of TLR9-agonist CpG overhangs to PB84, I was able to controllably activate TLR9, where the 

magnitude of TLR9 activation was directly correlated with the number of CpG overhangs 

displayed on the nanoparticle. Interestingly, this result was consistently achieved even when the 

total CpG concentration was kept constant across samples, indicating that parameters such as the 

valency of CpGs per nanoparticle or the spatial organization of the CpG overhangs may be 

responsible for differential TLR9 activation. To assess whether this result was reproducible outside 

of the context of TLR9 reporter cells, I incubated PBMCs with PB84 variants displaying 0, 20, or 

40 copies of CpG overhangs, and showed that the magnitude of interferon expression was also 

directly correlated with the copy number of CpG overhangs displayed on the nanoparticle. 

However, when ICO42 variants displaying 0, 20 or 30 copies of CpG overhangs were tested in the 

same system, the interferon response towards these constructs was either constant, or in some cases, 

inversely correlated. As the unmodified ICO42 construct already induced interferon expression 

levels on par with PB84 displaying 40 CpG overhangs, it is possible that this result is due to the 

well-characterized ‘hook effect’ observed frequently in immunoassays; further assay optimization 

may be required to eliminate this possibility. 

 

To probe the molecular mechanisms that underlie TLR9-nanoparticle interactions, I then designed 

constructs in which the valency was kept constant but the organization of CpG overhangs varied. 

When these nanoparticles were evaluated in TLR9 reporter cells, I found that there were significant 

differences between the magnitude of the TLR9 response towards different constructs, suggesting 

that CpG nanoscale organization plays an important role in TLR9 binding and activation, although 

additional studies will be required to elucidate the specific parameters involved and their relative 

impacts on TLR9 signaling. I also tested PB84 variants in which CpG overhangs were displayed 
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in identical spatial patterns on either one or both sides of the nanoparticle, and demonstrated that 

the PB84 constructs displaying CpG overhangs on both sides induced significantly stronger TLR9 

activation than their single-side counterparts, even when the CpG concentration was kept constant. 

As the distance between CpG overhangs displayed on opposite sides of PB84 are too far apart in 

3D space to be bound to the same TLR9 dimer according to measurements taken from crystal 

structures of TLR9 dimer:CpG oligo constructs, this result is consistent with a model in which 

PB84 can be engaged by more than one TLR9 dimer simultaneously, thereby enhancing 

downstream signaling activation by the clustering of multiple activated dimers. Overall, these 

studies begin to uncover the relative impacts of various nanoparticle design parameters on 

immunological recognition and demonstrate the feasibility of designing wireframe DNA 

nanoparticles for controllable immunomodulation.  
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FUTURE DIRECTIONS 

In this thesis, I have demonstrated the development of a novel method of scalable ssDNA 

bioproduction and took steps towards characterizing and designing immunomodulatory wireframe 

DNA nanoparticles. However, much work can still be done to advance the research described here, 

and in the following section, I will elaborate on several interesting and important open questions 

that remain.  

 

With the development of ssDNA production technologies that enable the design and synthesis of 

custom sequence scaffolds, it is now possible to rationally design scaffolds for immunostimulation 

or immune evasion. One particularly relevant application would be the enrichment of CpG motifs 

or the elimination of CpG dinucleotides within the scaffold to control the degree of potential TLR9 

recognition. However, in order to synthesize CpG-rich or CpG-free scaffolds for wireframe DNA 

origami, there are several design considerations to keep in mind. First, the GC content must be 

kept within the standard 40-60% to ensure proper nanoparticle folding, which means that instead 

of directly adding or removing CpGs, the arrangement of Gs and Cs within the scaffold must be 

rearranged to increase or reduce the incidence of CpG dinucleotides. Next, after a sufficient level 

of enrichment or depletion is reached, the scaffold should be checked for palindromic regions or 

repeated sequences which would not only increase the difficulty of phagemid construction but may 

also cause nanoparticle misfolding if staple sequences are not orthogonal. Additionally, prior to 

the synthesis of CpG-enriched scaffolds to enhance nanoparticle-mediated TLR9 activation, there 

is another step in the design process, which is to consider the locations of the CpG motifs in 

geometric space within the folded nanoparticle. As fully intact nanoparticles do not activate TLR9, 

it is important to place these CpG motifs at locations that are relatively more likely to expose 
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single-stranded regions to engage in TLR9 binding. One such set of regions are potentially the 3’ 

or 5’ ends of staples within nanoparticle edges and their respective complementary scaffold regions. 

It has been demonstrated that the terminal base pairs in DNA duplexes are susceptible to transient 

fraying events, which temporarily exposes short ssDNA fragments. Additionally, as staples are 

linear, there is no phosphodiester bond between the 5’ and 3’ ends. Therefore, the locations of 

staple termini along the nanoparticle are equivalent to single-stranded nicks, which are known to 

be locations of reduced stability due to the potential for DNA unwinding as well as increased 

susceptibility to degradation. However, as the process of nanoparticle degradation is not well 

understood, these locations may not behave as expected. Thus, it is important to include controls 

such as CpG-enriched scaffolds in which the motifs are scattered in random locations across the 

folded nanoparticle in order to systematically investigate the effects of immunostimulatory or 

immune evasive scaffold design.  

 

Additional future work in the scaffold design direction could focus on minimizing the fixed region 

of the phagemid to enhance the degree of sequence control over the produced scaffold. Currently, 

the fixed region is 1676 nucleotides in length and includes the f1 origin of replication containing 

the associated packaging signal and the beta-lactamase antibiotic resistance gene. While larger 

scaffolds can easily be produced from this minimal phagemid by the introduction of additional 

custom sequences, this restricts the minimal sequence length that can be synthesized via this 

method. One potential workaround would be to remove the beta-lactamase gene, which comprises 

~1.2kb of the fixed region; however, the loss of the antibiotic resistance may lead to substantial 

reduction in ssDNA yields, as there would no longer be selective pressure on the bacteria to retain 

the phagemid. Alternatively, as demonstrated by Specthrie et al. and Dotto et al., an additional, 
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truncated f1 origin can be introduced into the phagemid to act as a terminator. The advantage of 

this method is that the phagemid itself can be substantially larger than the target sequence, allowing 

for the retention of the antibiotic resistance gene as well as the addition of other functional elements 

as needed. However, this method requires substantial optimization, as the termination and 

initiation domains within the f1 origin overlap, resulting in trace production of incorrect ssDNA 

products. If engineered properly, however, this would reduce the size of the fixed region to ~300-

400 nucleotides, further increasing the degree of sequence control afforded by this method and 

facilitating the synthesis of an expanded range of scaffold sizes. 

 

While much work has been done in this thesis to characterize the innate immune response towards 

unmodified nanoparticles, there are still some questions that remain unanswered. For example, one 

cytosolic DNA sensor that was not investigated in this thesis is AIM2. Therefore, one question 

that naturally follows is: do unmodified nanoparticles mediate AIM2 activation, and if so, is 

inflammasome activation and/or pyroptosis observed in response? It has been demonstrated that 

dsDNA of lengths shorter than ~50bp were not sufficient to induce AIM2 activation, while optimal 

activation was achieved with dsDNA oligos of lengths between 70– 80bp. As each edge of dual-

duplex wireframe DNA origami is a ligand for AIM2, the effects of nanoparticle edge length of 

AIM2 activation would be an interesting question to pursue in AIM2-expressing reporter cells 

which eliminate potential cross-talk from other innate immune pathways.  Similarly, while I have 

shown that unmodified nanostructures activate cGAS-STING more strongly than their 

unstructured counterparts, the effect of nanoparticle geometry, edge length, and number of edges 

remains unknown. As cGAS activation, much like AIM2 activation, is known to have a strong 

length dependence, nanoparticle edge length may strongly influence the magnitude of cGAS 
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activation. In addition, the number of edges directly impacts the number of dsDNA oligos available 

for cGAS binding and may contribute to the potency of nanoparticle-mediate cGAS signaling as 

well. Further investigation of how nanoparticle properties such as geometry and edge length 

influence cGAS and AIM2 activation will contribute to our understanding of immunological 

recognition of DNA nanostructures and help to guide the designs of future generations of 

immunomodulatory nanoparticles. 

 

There also remains a lack of understanding of if or how wireframe DNA nanoparticles can be 

internalized into immune cells in the absence of a transfection reagent or internalization ligand. As 

shown in Figure 3.2, no immune activation was observed when cells were treated with 

nanoparticles that had not been previously complexed with lipofectamine. While these results 

suggest that there is no uptake, since endocytosed nanoparticles would be localized within the 

highly CpG-responsive endosomal compartment, it does not definitively rule out that possibility. 

As PBMCs encompass a variety of immune cell populations including B cells, monocytes, and 

dendritic cells, one method that can be used to investigate the uptake of nanoparticles by immune 

cells is to perform flow cytometry analysis on PBMCs incubated with fluorescent nanoparticles. 

Using lipofectamine-complexed nanoparticles as a positive control, we can identify 

subpopulations of cells that are able to take up nanoparticles in the absence of a transfection reagent. 

If any cells are identified, we can then follow up with multiplex ELISA analysis of nanoparticle-

induced interferon expression to determine if or how the expression pattern varies compared to 

lipofectamine-complexed nanoparticles. Additionally, fluorescent microscopy could be performed 

using the same set of fluorescently labeled nanostructures to not only investigate nanoparticle 

internalization but also visualize the cellular compartments where nanoparticles localize.  
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Finally, while the work described in this thesis has begun to explore the effects of various 

nanoparticle design and ligand presentation parameters on immunological recognition, there is 

much work left to do. One question which can be investigated on a relatively short timescale is: 

how does spatial distance between CpG overhangs affect the potency of TLR9 activation? As 

mentioned in the introduction, an analysis of the crystal structure of activated TLR9 in complex 

with CpG oligos showed that the distance between the two DNA binding pockets is approximately 

7– 8nm. This suggests that displaying a pair of CpG overhangs on a wireframe nanoparticle at an 

inter-CpG distance of ~7nm may facilitate ‘optimal’ TLR9 dimer binding and activation. However, 

given that ssDNA is highly flexible on these length scales, it is likely that there is not an ‘optimal’ 

distance but rather a range of distances within which TLR9 activation is enhanced. Additionally, 

if this is true, it suggests that there may be a thresholding effect wherein if the inter-CpG distance 

is above a certain threshold, they can no longer be engaged by the same TLR9 dimer, resulting in 

a substantial drop in the magnitude of TLR9 activation. To investigate this question, a set of PB84 

variants can be synthesized, each of which is displaying a pair of CpG overhangs at different inter-

ligand spacings. Starting from a minimal distance of <7nm, the distance between the overhangs 

should be incrementally increased up to 50nm, the maximum spacing possible on the PB84. As 

each overhang is 24 nucleotides long, with the 3’-most CpG motif on the overhang located 5 

nucleotides from the 3’ end, the closest possible distance between the two CpG motifs is 24nm, 

which is substantially larger than the estimated distance between binding pockets. Thus, it should 

be possible to design a set of PB84 variants to probe the maximal range of distances for individual 

TLR9 dimer binding.   
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The same set of PB84 constructs could theoretically be used to investigate a different question, 

which is whether our nanoparticles are able to interact with multiple TLR9 dimers simultaneously. 

As mentioned previously, the length of PB84 is 50nm, while the furthest CpG motif on each 

nanoparticle is 13nm away from the nanoparticle. This means that the largest possible inter-CpG 

distance for two CpG motifs displayed on the same pentagonal bipyramid is 76nm, a distance 

which, according to measurements of the TLR9 dimer crystal structure, should allow at least two 

TLR9 dimers to bind to the nanoparticle simultaneously. We can begin to test this hypothesis using 

the CpG dimer pair constructs described in the previous paragraph. Once the inter-CpG distance 

is too large for a single TLR9 dimer to bind, we should theoretically see a drop in TLR9 activation 

as a result. However, if there is either no drop in activation for any of the constructs tested, or if 

the TLR9 activation ramps back up after a decrease, that would imply that there must be some 

nanoparticles upon which two different TLR9 dimers are binding, and furthermore that each TLR9 

dimer must be interacting with CpG overhangs on two different nanoparticles. One potential way 

this hypothesis can be tested is by functionalizing the two CpG overhangs on each PB84 with a set 

of FRET pairs. As the distance between binding pockets for a single TLR9 dimer is known to be 

~7nm, which is within the acceptable distance for FRET, if the two overhangs are bound to the 

same dimer, FRET should occur, and acceptor fluorescence emission can be measured. While 

FRET may also occur in the absence of binding, the fluorophores would most likely travel in and 

out of the acceptable range for FRET due to the flexibility of the ssDNA overhang and the random 

movement of oligos in solution, and it should therefore be possible to differentiate between bound 

and unbound states. Once the distance between CpG overhangs is too large for a single dimer to 

bind, TLR9 dimers will either no longer be activated, in which case no FRET should occur, or 

some proportion of dimers will bind to CpG overhangs on two different nanoparticles and become 
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activated. In the second scenario, because there will be a mixture of dimers binding to two donor 

fluorophores, two acceptor fluorophores, and one donor and one acceptor fluorophore, the relative 

level of acceptor fluorescence emission will be reduced compared to samples in which all TLR9 

dimers are bound to correct FRET pairs. This method may be able to allow us to differentiate 

between TLR9 dimer activation mediated by CpG overhangs on the same nanoparticle or on 

different nanoparticles and begin to elucidate the effects of inter-CpG spacing on TLR9 activation. 

 

While there are still many questions remaining about how nanoscale organization of ligands and 

nanoparticle design parameters influence immunological recognition, future work, such as the 

experiments highlighted above, will contribute to our understanding of how wireframe DNA 

nanoparticles interface with the immune system and help guide the design of immunomodulatory 

nanostructures tailored to address specific prophylactic and therapeutic challenges. 
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Design of wireframe DNA NANPs for RNAi 

Overview 

The versatility of wireframe DNA origami as a platform for nanoscale engineering can be 

harnessed to enable DNA nanoparticles to have additional functionality besides 

immunomodulation. While the focus of this thesis has been on DNA sensing pathways within the 

innate immune system, one natural extension of this work would be to design RNA/DNA 

nanoparticles, whether by integration of RNA into the scaffold or staples or by the attachment of 

RNA oligos to the folded nanostructure, to enable the nanoparticle to activate RNA sensing 

pathways as well. One class of RNAs that has been researched extensively and has demonstrated 

significant therapeutic potential is a short, noncoding, functional RNA known as small interfering 

RNA (siRNA). These siRNAs operate within the RNA interference (RNAi) system and regulate 

gene expression by selectively degrading target mRNA containing a complementary sequence. 

Additionally, it has been shown that siRNA is capable of activating the endosomal RNA-sensing 

PRRs TLR3, TLR7, and TLR8, thus operating as both a therapeutic nucleic acid as well as an 

immune adjuvant. In this section, I describe preliminary research into the development of 

siRNA/DNA nanostructures for targeted gene silencing as well as enhanced innate 

immunostimulation. I will introduce the design of DNA nanoparticles capable of modular siRNA 

attachment, show proof-of-concept characterization of siRNA-DNA nanoparticle synthesis, and 

close with a brief discussion of future directions for this work. 

 

Small Interfering RNA   

Small interfering RNAs are short double-stranded noncoding RNAs that operate within the RNAi 

pathway, an endogenous biological pathway that induces sequence-specific inhibition of gene 
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expression by degrading or inhibiting translation of mRNA transcripts9. These siRNAs can be 

delivered exogenously or produced endogenously by Dicer, a ribonuclease-like enzyme which 

binds to and processes long double-stranded RNAs (dsRNAs) or short hairpin RNAs (shRNAs) 

into mature siRNAs, which are subsequently loaded into the RNA induced silencing complex 

(RISC)9-11. One strand of the siRNA, termed the “guide” or more commonly “antisense” strand, is 

selectively incorporated into RISC based on the relative thermodynamic stability of the two ends 

of the siRNA duplex12-15. The complex containing the properly loaded antisense strand then binds 

to mRNA transcripts based on sequence complementarity, after which Argonaute, a protein within 

RISC, cleaves the bound mRNA transcript with a RNaseH-like mechanism of action16. Importantly, 

the antisense strand does not dissociate from RISC upon mRNA cleavage. Instead, the entire 

complex detaches from the cleaved mRNA and is immediately available to bind to other mRNA 

transcripts, thereby facilitating gene silencing in a catalytic manner9.  

 

Advantages of siRNA 

From the mechanism of action described above, it is clear that siRNAs have several characteristics 

which give them an advantage over other types of therapeutic molecules. The first advantage is 

that siRNA-induced gene silencing is highly intolerant of sequence mismatches—with the 

exception of unique cases which will be elaborated on below, siRNA functionality is significantly 

reduced if even single base-pair mismatches between the siRNA and mRNA transcript are present, 

which decreases the risk of off-target gene silencing12,17,18. Additionally, because RISC-

incorporated siRNAs function catalytically, even low doses of siRNA may be sufficient to produce 

a significant effect since each molecule of siRNA molecule can cleave numerous copies of the 

target mRNA transcript. Finally, because the binding of siRNA to its target transcript is entirely 
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sequence-dependent and the design principles behind siRNA functionality have been well 

characterized, it is theoretically possible to design a set of siRNAs to efficiently silence any 

actively transcribed gene.  

 

Limitations of siRNA  

While the stringent sequence specificity requirements of siRNA-induced gene silencing suggests 

that they should be inherently nonfunctional in the absence of their exact mRNA target, siRNA-

induced off-target effects have been observed. Several papers have demonstrated that, rather than 

siRNAs being permissive to sequence mismatches, the “seed region” of the antisense strand, which 

corresponds to bases 2-8, can exhibit behavior similar to that of microRNAs (miRNAs) if there is 

perfect complementarity between the seed region and the 3’ UTR of mRNA transcripts17,18,22. As 

miRNAs frequently regulate the expression of multiple genes simultaneously, the ability of 

siRNAs to exhibit miRNA-like behavior poses a challenge to optimizing sequence specificity and 

minimizing off-target gene silencing effects. Additionally, while sequence mismatches typically 

eliminate gene silencing efficacy, single- or double-nucleotide mismatches in bases 13-17 have 

been occasionally found to induce low levels of gene knockdown, particularly if the mismatch is 

between an adenine and a cytosine18,22. 

 

The delivery of high concentrations of exogenous siRNA may also result in the saturation of native 

RNAi machinery, namely Dicer and RISC. As Dicer is required to process siRNA and miRNA 

precursors into their mature forms, and because both of these RNAi molecules must be complexed 

with RISC to induce gene silencing, therapeutic siRNAs may directly compete with native 
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miRNAs for function, potentially leading to dysregulation of critical cellular functions such as 

differentiation and proliferation23-27.  

 

DNA Origami for Multiplexed siRNA Delivery 

While the drawbacks discussed above are certainly significant, it is critical to note that they are 

heavily sequence- and concentration-dependent. This may be circumvented by multiplexed 

delivery of multiple siRNA sequences targeting the same mRNA transcript, which allows the total 

concentration of siRNAs targeting the transcript to be maintained while lowering the concentration 

of each individual siRNA sequence, decreasing the magnitude of concentration-dependent off-

target effects correspondingly. Additionally, this strategy can be utilized to test the combinatorial 

effects of multiple siRNAs on the efficacy of target gene silencing and may be helpful for 

identifying combinations of siRNAs that induce high levels of gene silencing at low concentrations, 

thereby reducing the risk of Dicer and RISC saturation as well.  

 

Wireframe DNA origami can easily be modified with single-stranded overhangs of any sequence 

to allow attachment of molecules such as targeting ligands to direct cell- or tissue-type localization, 

shielding molecules to enhance stability in vivo, and small molecule drugs or therapeutically 

relevant oligos such as siRNAs or miRNAs41-43. Additionally, the sequences of each overhang can 

be distinct and orthogonal, enabling the straightforward multiplexing of many different siRNA 

sequences with controlled stoichiometry. In this section, I show preliminary work into the design 

and synthesis of siRNA/DNA nanoparticles for synergistic gene knockdown and 

immunostimulation.  
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Design of siRNA/DNA nanoparticles 

Wireframe DNA nanoparticles were designed using DAEDALUS, which generates an atomic 

model of the structure and provides the list of staple sequences needed to fold the user-specific 

scaffold sequence into the target nanostructure37. The nanoparticle chosen for the initial 

siRNA/DNA nanoparticle design was a pentagonal bipyramid with an edge length of 84 bases, 

which is sufficiently large to enable the attachment of up to 45 siRNA molecules onto each 

nanoparticle, where each of the 15 edges can attach a maximum of 3 evenly distributed siRNAs. 

Staples upon which siRNAs were to be hybridized were extended by 20-23 nucleotides on the 3’ 

ends, exposing a single-stranded ‘linker’ sequence10,12. The pentagonal bipyramid was then folded 

from a circular scaffold sequence and a specified number of these modified staples through a 

thermal annealing process, resulting in a folded nanostructure displaying precise copy numbers of 

single-stranded linker sequences at defined locations. In the same way, to facilitate the attachment 

of siRNAs onto the DNA nanoparticle, the complement of the linker sequence was appended to 

the 3’ end of the siRNA sense strand. The resulting double-stranded siRNA, with the linker 

attached, was then hybridized to the pentagonal bipyramid through a second thermal annealing 

step. 

 

As an initial proof-of-concept to demonstrate that siRNA could be successfully attached to DNA 

nanoparticles with this method, a pentagonal bipyramid was functionalized with multiple copies 

of a 23-nucleotide linker sequence, where each sequence has an identical sequence wherein the 3 

5’-most bases served as a spacer between the siRNA and the nanoparticle and the remaining 20 

bases comprised the region for siRNA linker binding. The siRNA tested was a well-characterized 

sequence which targeted the gene encoding murine programmed death-ligand 1 (PD-L1), a protein 
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with immunosuppressive function which is a promising target for cancer immunotherapy. The 

exact sequence was shared with our lab by collaborators in the Tannous lab at MGH, and the 

knockdown efficacy was additionally evaluated using algorithms such as the Whitehead Institute’s 

siRNA selection program. The 3’ end of the PD-L1 siRNA sense strand was modified to include 

the 20-base complementary linker sequence, and the 5’ end of the sense strand was functionalized 

with an Atto488 fluorophore. Additionally, a scrambled version of the anti-PD-L1 siRNA was 

synthesized with an Atto647 fluorophore on the 5’ end of the sense strand and an identical 20-base 

linker on the 3’ end as a comparative control.  

 

Pentagonal bipyramid nanoparticles were folded with 0, 10, 20, and 40 overhangs in order to test 

whether the overhangs would interfere with folding and to additionally determine whether a visible 

difference between each set of nanoparticles could be identified with a quick agarose gel assay. 

Each of the four samples was run on a 2% agarose gel (Appendix Figure 1), along with unfolded 

scaffold as a control. We saw that each nanoparticle formulation exhibited a distinct shift upwards 

relative to the unfolded scaffold, and furthermore resulted in a clean, tight single band on the gel, 

suggesting a monodisperse population of folded nanoparticle. This indicates that the addition of 

any number of overhangs does not result in dimer or aggregate formation, which is critical for 

maintaining high yield and eliminates the need for additional downstream purification.  
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Appendix Figure 1. Agarose gel demonstrating attachment of linkers onto DNA nanoparticles. A 

gel shift assay was performed on a 2% agarose gel to assess folding. Representations of the samples 

in each lane are shown immediately below the gel. Lane 1: Unfolded circular scaffold. Lanes 2-5: 

pentagonal bipyramid with 0, 40, 20, and 10 linkers. The upwards shift of the nanoparticle lanes 

relative to the unfolded scaffold indicates successful folding.  

Next, the scrambled anti-PD-L1 siRNA was annealed to five different pentagonal bipyramid 

constructs, with 0, 10, 20, 23, and 40 linkers, respectively, and binding efficacy was assessed using 

a fluorescent colocalization assay. Samples were run on an agarose gel, and a Typhoon imager was 

used to excite the Atto647 fluorophore conjugated to the siRNA and capture images of the resulting 

bands (Appendix Figure 2). We found that only the lanes containing siRNA-annealed 

nanoparticles were visible in the Atto647 channel, demonstrating that each of the 10, 20, 23, and 

40 linker pentagonal bipyramid constructs were successfully hybridized with siRNA. In contrast, 

the siRNA could not bind to the 0 linker pentagonal bipyramid and the unfolded scaffold, showing 

that the presence of the linker on the nanoparticle is necessary for siRNA binding, as expected. 

The signal intensities in each of the siRNA-annealed nanoparticle lanes were additionally used to 

determine siRNA coverage, and we found that the fluorescent intensity of each band was 

proportional to the number of linkers on the corresponding nanoparticle. 
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Appendix Figure 2. Attachment of siRNA onto DNA nanoparticles is linker-dependent and 

proportional to linker copy number. Unfolded scaffold and pentagonal bipyramid constructs with 

0, 10, 20, 23, and 40 linkers were run on a 2% agarose gel and imaged in a DNA-stain specific 

channel (left) or in the Atto647 channel (right). Intensity of the band in the gel on the right is 

proportional to the concentration of annealed siRNA.  

As we have demonstrated that siRNA can be hybridized to DNA nanoparticles in a linker-specific 

manner and with precise stoichiometry, the attachment of different linker sequences should 

facilitate the controllable binding of multiple unique nucleic acids, such as multiplexed delivery 

of siRNA or the simultaneous display of therapeutic siRNAs as well as immunostimulatory CpGs. 

Additionally, the addressability of DNA nanoparticles can be harnessed to attach additional 

functional molecules such as targeting or internalization ligands, antigens, or small molecules to 

these wireframe DNA nanoparticles as well. Future work in this direction can potentially combine 

the immunomodulatory design principles investigated in earlier chapters of this thesis with the 

siRNA functionalization method demonstrated above in order to design and synthesize DNA 

nanoparticles engineered for targeted gene silencing as well as innate immune activation. However, 

the addition of dsRNA onto these DNA nanoparticles raises the question of whether RNA-sensing 

DNA stain Atto647 channel
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innate immune pathways such as RIG-I or TLR3 may now respond to these nanostructures and 

how the activation of these pathways may affect the overall nanoparticle-induced immune 

response, a question which should be investigated carefully in order to fully understand their new 

immunostimulatory characteristics. These multifunctional wireframe DNA nanostructures have 

the potential to be a unique class of therapeutic delivery vehicle with intrinsic yet controllable 

immune adjuvant properties, and the additional knowledge gained from future research in these 

directions will hopefully provide valuable insights into the capabilities of engineered DNA 

nanostructures as prophylactics or therapeutics.    

 

Redesign of DNA Nanoparticles for Linker Attachment. 

All nanoparticle constructs were designed using DAEDALUS and modified in Tiamat. The high-

level staple routing remained unchanged from the initial DAEDALUS output, and in the cases 

when nick repositioning was required for linker attachment, the locations of nick positions would 

be shifted the minimal number of bases. Modified nick positions were kept on the same side of the 

staple as the original nick, and all nicks were located at least 8 bases from the location of the 

nearest crossover. All staple sequences were exported into Excel, and staples chosen for linker 

attachment were modified by appending the selected linker sequence to the 3’ end of the current 

staple sequence (Appendix Table 4). Linker sequences were designed following published 

protocols to ensure efficient Dicer recognition and cleavage as well as optimized loading into 

RISC10,12. Modified staples with the appended linker sequence were then BLASTed against the 

scaffold and all other staples to minimize the possibility of unexpected crosstalk. Staples were 

purchased through Integrated DNA Technologies (IDT). 
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siRNA Synthesis and Annealing. 

siRNA oligos were designed using specialized algorithms such as ThermoFisher’s RNAi Designer 

or the Whitehead Institute’s siRNA Selection Program and purchased through IDT with full 

2’OMe modifications or synthesized in-house using a Dr. Oligo synthesizer following the 

recommended protocol and purified using a size exclusion column with a Waters HPLC (Appendix 

Table 4). 2’OMe and 2’F phosphoramidites for in-house synthesis of siRNA were ordered from 

Glen Research. Purity of synthesized oligos was characterized with a 12-18% denaturing 

polyacrylamide gel. The sense and antisense strands of the siRNA oligos were incubated for 30 

minutes at 37C and cooled to 25C over the course of 4 hours. The annealing temperature for each 

distinct set of siRNA sequences was determined using IDT’s Oligo Analyzer or an equivalent 

software.  

 

siRNA/DNA Nanoparticle Production. 

Nanoparticles were folded from circular bacterially-produced scaffold ssDNA mixed with a 5X 

excess of ssDNA staples in a folding buffer consisting of 1X TAE, 12mM MgCl2, as well as 

nuclease-free water. The folding mixture was transferred into 96-well plates in which each well 

was filled to a maximum of 95uL, and the nanoparticle was folded through a thermal annealing 

process during which the temperature was initially raised to 95C and gradually ramped down to 

25C over a period of 13 hours as described in previous literature37. Folded nanoparticles were 

transferred into Amicon Ultra 100kDa MWCO centrifugal filters and centrifuged at 1000xg for 30 

minutes at room temperature for up to 5 rounds in order to remove excess staples. Flow-through 

was discarded and fresh PBS was added to the filter in between each round of centrifugation. 

Purified nanoparticles were mixed with a 5X excess of double-stranded siRNA with the 
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complementary linker sequence and hybridized in a final thermal annealing step, in which the 

sample is initially heated to 65C and cooled to 25C over a period of 8 hours. The annealed 

siRNA/DNA nanoparticle is purified away from excess siRNA using the spin purification protocol 

detailed above and concentrated to the desired level. The final siRNA/DNA nanoparticles were 

characterized using a 1.5%-2% agarose gel made with 1X TAE and 12 mM MgCl2 and visualized 

with SybrSafe or SybrGold. 100ng of each nanoparticle sample tested was mixed with gel loading 

buffer and water to obtain a final concentration of 1X gel loading buffer. The gel was placed in a 

gel running chamber containing 1X TAE and 12mM MgCl2, and after sample loading, the gel was 

run at 65V for 90-120 minutes at 4C. Images were captured using a Typhoon. 
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Appendix Table 1. Scaffold sequence used for all NANPs. CpG dinucleotides are displayed in 

red, CpG motifs which satisfy the minimal hTLR9 activation sequence requirements are bolded. 

Name Sequence 
PB84/ 
ICO42 

GAGCGCAACGCAATTAATGTGCGCCCTGTAGCGGCGCATTAAGCGCGGC
GGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAG
CGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGG
CTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAG
TGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCAC
GTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGA
GTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCA
ACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGG
CCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTAC
AACCGGGGTACATATGATTGGGGTCTGACGCTCAGTGGAACGAAAACTC
ACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGA
TCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAG
TAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTC
AGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTA
GATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGA
TACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAG
CCAGCCGGAAGGGCCGAGCGCAtAAGTGGTCCTGCAACTTTATCCGCCTC
CATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCA
GTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGT
CACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAA
GGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTC
GGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCAT
GGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGAT
GCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGT
ATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGC
GCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGG
GGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAA
CCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTT
TCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATA
AGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTAT
TGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATG
TATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAA
GTGCCACCTGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAA
AAATAGGCGTATCACGAGGCCCTTTCGTCGAATTCGTCGTCGTCCCCTCA
AACTCTTGGGTGGAGAGGCTATTCGTTTAAGGTCACATCGCATGTAATTT
ACTTATTCTCTGTTGTTGAGCCACCCGGGCGCCAGATTTTGTTTAAAGCTT
TGTCTCTTAGTTTGTATAGACAGATTCAGAGTGCAAGGTTTCGTTCGCTCG
TACCTGGTTTTCCCTGGTTCTTCACAGATAGGATTTGACTTTCTACAACAC
TTATGCGGCTTCCTACCCGTTTGAAGGCCGATACAGGTGCTGCGCAAAAT
GCGGGCGAACATAGAGTATCAAAACAACGCCTTCTAATCTAGGAATATA
GGGAAGATACGTATTTGCTACCATGCTTTCTTGGGTCATTAACGACCAAC
CTCTTTTCTTTTAAAGTAGGATTGCACAATGAATGAATACACGTGGTCCG
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ATAACTGACCAAGTAACATGGTTATCACTaGATGTCCGCCAGACGTGTGC
AAACCAACCCGGGAGTTACGTCACTAATCCTTCGCTACGTCGTGAAGATA
TTTACTTGTGAATATCGAGGGTAATAAGATAATAGACTGTGACTAGTATT
GCCAGACTGTCGCTACCTGCAACACATAACTATCCTGAGGTTACTGCATA
GTACTGATTACACCCGAGTCAAAATTTCTAACTTCTAACATGTACCTAGT
AACCAGCTCAATAATTATGTCAGAATATAGCTCTGGGAACCCTCGGACAA
TTATGATACACGGTATTAATATCTTGCTTGCGTTAGCCACTTCTCATCTTT
GGATACCGATTCTATTTTGCATAGCAGTTCCTTTTACACATATAAGAATTT
CGCCATAGGTATGCTGCAG 
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Appendix Table 2. Staple sequences for all PB84 variants. Sequences are given in 5’ to 3’ 

orientation, and modified staple sets for each variant are provided in their own sub-table. Not all 

staples are listed for each variant. For unlisted staples (check staple number), the original staple 

from the PB84, nonmodified table was used. 

 

PB84, nonmodified. CpG dinucleotides are displayed in red, CpG motifs which satisfy the 

minimal hTLR9 activation sequence requirements are bolded. 

Name Sequence 
PB84_staple2 ATAAAGTTTTGCGTTGCGCTCCTGCAGCATGGATGGAGGCGG 
PB84_staple3 TGCGCTCGCCGCTACAGGGCGCACATTAAGCAGGACCACTTA 
PB84_staple4 GCTGGTTTACACCCGCCGCGCTTAATGCGGCCCTTCCGGCTG 
PB84_staple5 GTCACGCTGCGTTTTTCGTAACCACCATTGCTGATAATTTTTATCTG

GAGCCCACGACGGGGATTTTTGTCAGGCAAC 
PB84_staple6 GTGTAGCGAGCCGGCGAACGTGGCGAGAAAGGGCGCTGGCAA 
PB84_staple7 CGGGCGCTAGGAAGGGAAGAAAGCAGCTATAT 
PB84_staple8 TCTGACATGTCCGAGGGTTCCCAGGAAAGGAG 
PB84_staple9 CATTGGTAACTTTTTTGTCAGACCAAGATTTAGAGCTTTTTTTGAC

GGGGAA 
PB84_staple1
0 

TACTTTAGGGAACCCTAAAGGGAGCCCCCGTTTACTCATATA 

PB84_staple1
1 

TTCATTTTGGTGCCGTAAAGCACTAAATCATTGATTTAAAAC 

PB84_staple1
2 

TCTAGGTGAATCAAGTTTTTTGGGGTCGATAATTTAAAAGGA 

PB84_staple1
3 

GTTGAGTGTTGTTTTTTTCCAGTTTGCACTACGTGAATTTTTCCATC
ACCCT 

PB84_staple1
4 

CGATGGCCGAACAAGAGTCCACTATTAAACCGTCTATCAGGG 

PB84_staple1
5 

GCGAAAAAGAACGTGGACTCCAACAATCAGTA 

PB84_staple1
6 

CTATGCAGATTTTGACTCGGGTGTGTCAAAGG 

PB84_staple1
7 

GAGATAGGATCAGCTCATTTTTTAACCAAAAAAGAATAGACC 

PB84_staple1
8 

TATAAATCTAGGCCGAAATCGGCATGTTGTAG 

PB84_staple1
9 

AAAGTCAATAGGAAGCCGCATAAGAAATCCCT 

PB84_staple2
0 

AAGATCCTTTTTTTTTTGATAATCTCTTCGCGTTAAATTTTTTTTTTG
TTAA 
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PB84_staple2
1 

GGTTGTAAATGACCAAAATCCCTTAACGTTCATATGTACCCC 

PB84_staple2
2 

GACCCCAAGAGTTTTCGTTCCACTCCCGTATT 

PB84_staple2
3 

GACGCCGGTGTGGCGCGGTATTATGAGCGTCA 

PB84_staple2
4 

ACTGATTAAGTATGGATGAA 

PB84_staple2
5 

GGTGCCTCCGAAATAGACAGATCGAAAAGCAT 

PB84_staple2
6 

CTTACGGATACTCACCAGTCACAGCTGAGATA 

PB84_staple2
7 

GTTATCTAGGTGAGCGTGGGTCTCGCGGTCTCCCGTATCGTA 

PB84_staple2
8 

GGTAAGCCATCATTGCAGCACTGGAACCGGAG 

PB84_staple2
9 

CTGAATGACGCCTTGATCGTTGGGGGCCAGAT 

PB84_staple3
0 

TCCCGGCAACATTTTTATTAATAGACTACCTATGGCGTTTTTAAAT
TCTTAT 

PB84_staple3
1 

AATGTGCGGGCGAACTACTTACTCTAGCTCACTTTTCGGGGA 

PB84_staple3
2 

TGTTTATTACGTTGCGCAAACTATTAACTCGGAACCCCTATT 

PB84_staple3
3 

TCAAATATATGCCTGTAGCAATGGCAACATTTCTAAATACAT 

PB84_staple3
4 

AACGACGAGCGTTTTTTGACACCACGGTATCCGCTCATTTTTTGAG
ACAATA 

PB84_staple3
5 

AGCCATACCATCATGTAACT 

PB84_staple3
6 

CATTTCCGTGTTTTTTCGCCCTTATTTTTTTTGCACATTTTTACATGG
GGGA 

PB84_staple3
7 

CATTTTGCAGGACCGAAGGAGCTAACCGCCCCTTTTTTGCGG 

PB84_staple3
8 

CTCACCCACTTACTTCTGACAACGATCGGCTTCCTGTTTTTG 

PB84_staple3
9 

AAGTAAAAGAGTGATAACACTGCGGCCAAGAAACGCTGGTGA 

PB84_staple4
0 

CTCGGTCGCCGTTTTTCATACACTATATGCAGTGCTGTTTTTCCATA
ACCAT 

PB84_staple4
1 

AGAGAATTTCTCAGAATGACTTGGTTGAGTGGCATGACAGTA 

PB84_staple4
2 

GCAAGAGCAAAGTTCTGCTA 

PB84_staple4
3 

GATGCTGAAGATTTTTTCAGTTGGGTTCCAATGATGATTTTTGCAC
TTTTAA 
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PB84_staple4
4 

GAACGTTTGCACGAGTGGGTTACATCGAATTTTCGCCCCGAA 

PB84_staple4
5 

CTTGAGAGCTGGATCTCAACAGCGTGAATCTG 

PB84_staple4
6 

TCTATACAACGAAACCTTGCACTCGTAAGATC 

PB84_staple4
7 

GAGTATTCAAACCCTGATAA 

PB84_staple4
8 

AAGAGTATATGCTTCAATAATATTACATGCGA 

PB84_staple4
9 

TGTGACCTAGAGAATAAGTAAATTGAAAAAGG 

PB84_staple5
0 

TTATCGGACCATTTTTCGTGTATTCAGGTTTCTTAGATTTTTCGT
CAGGTGG 

PB84_staple5
1 

CCTACTTTGGTTAATGTCATGATAATAATTTCATTGTGCAAT 

PB84_staple5
2 

TTGGTCGTCGTGATACGCCTATTTTTATAAAAAGAAAAGAGG 

PB84_staple5
3 

AAGCATGGACGAATTCGACGAAAGGGCCTTAATGACCCAAGA 

PB84_staple5
4 

CAAAGCTTTAATTTTTACAAAATCTGCAAGAGTTTGATTTTTGGGG
ACGACGTAGCAAATACGTTTTTTATCTTCCCT 

PB84_staple5
5 

TCTCCACCGCGCCCGGGTGGCTCAACAACTAAACGAATAGCC 

PB84_staple5
6 

AACTAAGAGAGTACGAGCGA 

PB84_staple5
7 

TGCGCAGCACCTTTTTTGTATCGGCCTGAAGAACCAGTTTTTGGAA
AACCAG 

PB84_staple5
8 

ATCCTATCTGTTCAAACGGG 

PB84_staple5
9 

GCCCGCATTTATATTCCTAG 

PB84_staple6
0 

CTATGTTCATTAGAAGGCGTTGTTATTACCCT 

PB84_staple6
1 

CGATATTCCACAGTCTATTATCTTTTGATACT 

PB84_staple6
2 

ACTGCTATATAACCATGTTACTTGGTCAGATGTGTAAAAGGA 

PB84_staple6
3 

GGTATCCAACGTCTGGCGGACATCTAGTGGCAAAATAGAATC 

PB84_staple6
4 

GCTAACGCAACTCCCGGGTTGGTTTGCACAAGATGAGAAGTG 

PB84_staple6
5 

GTAGCGAAGGATTTTTTTAGTGACGTAAGCAAGATATTTTTTTAAT
ACCGTG 

PB84_staple6
6 

TTCACGACCGACAGTCTGGCAATACTAGTACAAGTAAATATC 
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PB84_staple6
7 

CTGGTTACTAGTTTTTGTACATGTTAATAGTTATGTGTTTTTTTGCA
GGTAG 

PB84_staple6
8 

TAACCTCAGGGAAGTTAGAA 

PB84_staple6
9 

AATTATTGAGTATCATAATT 

 
 
PB84, CpG Motif Test. 
Name Sequence 
PB84_CpG_motiftes
t_staple2v1 

ATAAAGTTTTGCGTTGCGCTCCTGCAGCATGGATGGAGGCG
GTGGCATTGTACCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple7v1 

CGGGCGCTAGGAAGGGAAGAAAGCAGCTATATTGGCATTGT
ACCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple12v1 

TCTAGGTGAATCAAGTTTTTTGGGGTCGATAATTTAAAAGGA
TGGCATTGTACCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple17v1 

GAGATAGGATCAGCTCATTTTTTAACCAAAAAAGAATAGAC
CTGGCATTGTACCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple28v1 

GGTAAGCCATCATTGCAGCACTGGAACCGGAGTGGCATTGT
ACCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple41v1 

AGAGAATTTCTCAGAATGACTTGGTTGAGTGGCATGACAGT
ATGGCATTGTACCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple44v1 

GAACGTTTGCACGAGTGGGTTACATCGAATTTTCGCCCCGAA
TGGCATTGTACCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple49v1 

TGTGACCTAGAGAATAAGTAAATTGAAAAAGGTGGCATTGT
ACCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple51v1 

CCTACTTTGGTTAATGTCATGATAATAATTTCATTGTGCAATT
GGCATTGTACCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple66v1 

TTCACGACCGACAGTCTGGCAATACTAGTACAAGTAAATAT
CTGGCATTGTACCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple2v2 

ATAAAGTTTTGCGTTGCGCTCCTGCAGCATGGATGGAGGCG
GTGGCATTGTACCATTCTTTGTCGTT 

PB84_CpG_motiftes
t_staple7v2 

CGGGCGCTAGGAAGGGAAGAAAGCAGCTATATTGGCATTGT
ACCATTCTTTGTCGTT 

PB84_CpG_motiftes
t_staple12v2 

TCTAGGTGAATCAAGTTTTTTGGGGTCGATAATTTAAAAGGA
TGGCATTGTACCATTCTTTGTCGTT 

PB84_CpG_motiftes
t_staple17v2 

GAGATAGGATCAGCTCATTTTTTAACCAAAAAAGAATAGAC
CTGGCATTGTACCATTCTTTGTCGTT 

PB84_CpG_motiftes
t_staple28v2 

GGTAAGCCATCATTGCAGCACTGGAACCGGAGTGGCATTGT
ACCATTCTTTGTCGTT 

PB84_CpG_motiftes
t_staple41v2 

AGAGAATTTCTCAGAATGACTTGGTTGAGTGGCATGACAGT
ATGGCATTGTACCATTCTTTGTCGTT 

PB84_CpG_motiftes
t_staple44v2 

GAACGTTTGCACGAGTGGGTTACATCGAATTTTCGCCCCGAA
TGGCATTGTACCATTCTTTGTCGTT 
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PB84_CpG_motiftes
t_staple49v2 

TGTGACCTAGAGAATAAGTAAATTGAAAAAGGTGGCATTGT
ACCATTCTTTGTCGTT 

PB84_CpG_motiftes
t_staple51v2 

CCTACTTTGGTTAATGTCATGATAATAATTTCATTGTGCAATT
GGCATTGTACCATTCTTTGTCGTT 

PB84_CpG_motiftes
t_staple66v2 

TTCACGACCGACAGTCTGGCAATACTAGTACAAGTAAATAT
CTGGCATTGTACCATTCTTTGTCGTT 

PB84_CpG_motiftes
t_staple2v3 

ATAAAGTTTTGCGTTGCGCTCCTGCAGCATGGATGGAGGCG
GTGGCATTGTTGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple7v3 

CGGGCGCTAGGAAGGGAAGAAAGCAGCTATATTGGCATTGT
TGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple12v3 

TCTAGGTGAATCAAGTTTTTTGGGGTCGATAATTTAAAAGGA
TGGCATTGTTGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple17v3 

GAGATAGGATCAGCTCATTTTTTAACCAAAAAAGAATAGAC
CTGGCATTGTTGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple28v3 

GGTAAGCCATCATTGCAGCACTGGAACCGGAGTGGCATTGT
TGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple41v3 

AGAGAATTTCTCAGAATGACTTGGTTGAGTGGCATGACAGT
ATGGCATTGTTGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple44v3 

GAACGTTTGCACGAGTGGGTTACATCGAATTTTCGCCCCGAA
TGGCATTGTTGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple49v3 

TGTGACCTAGAGAATAAGTAAATTGAAAAAGGTGGCATTGT
TGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple51v3 

CCTACTTTGGTTAATGTCATGATAATAATTTCATTGTGCAATT
GGCATTGTTGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple66v3 

TTCACGACCGACAGTCTGGCAATACTAGTACAAGTAAATAT
CTGGCATTGTTGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple2v4 

ATAAAGTTTTGCGTTGCGCTCCTGCAGCATGGATGGAGGCG
GTCGTCGTTTTCCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple7v4 

CGGGCGCTAGGAAGGGAAGAAAGCAGCTATATTCGTCGTTT
TCCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple12v4 

TCTAGGTGAATCAAGTTTTTTGGGGTCGATAATTTAAAAGGA
TCGTCGTTTTCCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple17v4 

GAGATAGGATCAGCTCATTTTTTAACCAAAAAAGAATAGAC
CTCGTCGTTTTCCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple28v4 

GGTAAGCCATCATTGCAGCACTGGAACCGGAGTCGTCGTTTT
CCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple41v4 

AGAGAATTTCTCAGAATGACTTGGTTGAGTGGCATGACAGT
ATCGTCGTTTTCCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple44v4 

GAACGTTTGCACGAGTGGGTTACATCGAATTTTCGCCCCGAA
TCGTCGTTTTCCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple49v4 

TGTGACCTAGAGAATAAGTAAATTGAAAAAGGTCGTCGTTT
TCCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple51v4 

CCTACTTTGGTTAATGTCATGATAATAATTTCATTGTGCAATT
CGTCGTTTTCCATTCTAAGGCTA 

PB84_CpG_motiftes
t_staple66v4 

TTCACGACCGACAGTCTGGCAATACTAGTACAAGTAAATAT
CTCGTCGTTTTCCATTCTAAGGCTA 
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PB84_CpG_motiftes
t_staple2v5 

ATAAAGTTTTGCGTTGCGCTCCTGCAGCATGGATGGAGGCG
GTGGCATTGTTGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple7v5 

CGGGCGCTAGGAAGGGAAGAAAGCAGCTATATTGGCATTGT
TGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple12v5 

TCTAGGTGAATCAAGTTTTTTGGGGTCGATAATTTAAAAGGA
TGGCATTGTTGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple17v5 

GAGATAGGATCAGCTCATTTTTTAACCAAAAAAGAATAGAC
CTGGCATTGTTGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple28v5 

GGTAAGCCATCATTGCAGCACTGGAACCGGAGTGGCATTGT
TGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple41v5 

AGAGAATTTCTCAGAATGACTTGGTTGAGTGGCATGACAGT
ATGGCATTGTTGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple44v5 

GAACGTTTGCACGAGTGGGTTACATCGAATTTTCGCCCCGAA
TGGCATTGTTGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple49v5 

TGTGACCTAGAGAATAAGTAAATTGAAAAAGGTGGCATTGT
TGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple51v5 

CCTACTTTGGTTAATGTCATGATAATAATTTCATTGTGCAATT
GGCATTGTTGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple66v5 

TTCACGACCGACAGTCTGGCAATACTAGTACAAGTAAATAT
CTGGCATTGTTGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple2v6 

ATAAAGTTTTGCGTTGCGCTCCTGCAGCATGGATGGAGGCG
GTCGTCGTTTTGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple7v6 

CGGGCGCTAGGAAGGGAAGAAAGCAGCTATATTCGTCGTTT
TGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple12v6 

TCTAGGTGAATCAAGTTTTTTGGGGTCGATAATTTAAAAGGA
TCGTCGTTTTGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple17v6 

GAGATAGGATCAGCTCATTTTTTAACCAAAAAAGAATAGAC
CTCGTCGTTTTGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple28v6 

GGTAAGCCATCATTGCAGCACTGGAACCGGAGTCGTCGTTTT
GTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple41v6 

AGAGAATTTCTCAGAATGACTTGGTTGAGTGGCATGACAGT
ATCGTCGTTTTGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple44v6 

GAACGTTTGCACGAGTGGGTTACATCGAATTTTCGCCCCGAA
TCGTCGTTTTGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple49v6 

TGTGACCTAGAGAATAAGTAAATTGAAAAAGGTCGTCGTTT
TGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple51v6 

CCTACTTTGGTTAATGTCATGATAATAATTTCATTGTGCAATT
CGTCGTTTTGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple66v6 

TTCACGACCGACAGTCTGGCAATACTAGTACAAGTAAATAT
CTCGTCGTTTTGTCGTTTTAGGCTA 

PB84_CpG_motiftes
t_staple2v7 

ATAAAGTTTTGCGTTGCGCTCCTGCAGCATGGATGGAGGCG
GTCGTCGTTTTCCATTCTTGTCGTT 

PB84_CpG_motiftes
t_staple7v7 

CGGGCGCTAGGAAGGGAAGAAAGCAGCTATATTCGTCGTTT
TCCATTCTTGTCGTT 

PB84_CpG_motiftes
t_staple12v7 

TCTAGGTGAATCAAGTTTTTTGGGGTCGATAATTTAAAAGGA
TCGTCGTTTTCCATTCTTGTCGTT 
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PB84_CpG_motiftes
t_staple17v7 

GAGATAGGATCAGCTCATTTTTTAACCAAAAAAGAATAGAC
CTCGTCGTTTTCCATTCTTGTCGTT 

PB84_CpG_motiftes
t_staple28v7 

GGTAAGCCATCATTGCAGCACTGGAACCGGAGTCGTCGTTTT
CCATTCTTGTCGTT 

PB84_CpG_motiftes
t_staple41v7 

AGAGAATTTCTCAGAATGACTTGGTTGAGTGGCATGACAGT
ATCGTCGTTTTCCATTCTTGTCGTT 

PB84_CpG_motiftes
t_staple44v7 

GAACGTTTGCACGAGTGGGTTACATCGAATTTTCGCCCCGAA
TCGTCGTTTTCCATTCTTGTCGTT 

PB84_CpG_motiftes
t_staple49v7 

TGTGACCTAGAGAATAAGTAAATTGAAAAAGGTCGTCGTTT
TCCATTCTTGTCGTT 

PB84_CpG_motiftes
t_staple51v7 

CCTACTTTGGTTAATGTCATGATAATAATTTCATTGTGCAATT
CGTCGTTTTCCATTCTTGTCGTT 

PB84_CpG_motiftes
t_staple66v7 

TTCACGACCGACAGTCTGGCAATACTAGTACAAGTAAATAT
CTCGTCGTTTTCCATTCTTGTCGTT 

PB84_CpG_motiftes
t_staple2v8 

ATAAAGTTTTGCGTTGCGCTCCTGCAGCATGGATGGAGGCG
GTCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple7v8 

CGGGCGCTAGGAAGGGAAGAAAGCAGCTATATTCGTCGTTT
TGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple12v8 

TCTAGGTGAATCAAGTTTTTTGGGGTCGATAATTTAAAAGGA
TCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple17v8 

GAGATAGGATCAGCTCATTTTTTAACCAAAAAAGAATAGAC
CTCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple28v8 

GGTAAGCCATCATTGCAGCACTGGAACCGGAGTCGTCGTTTT
GTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple41v8 

AGAGAATTTCTCAGAATGACTTGGTTGAGTGGCATGACAGT
ATCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple44v8 

GAACGTTTGCACGAGTGGGTTACATCGAATTTTCGCCCCGAA
TCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple49v8 

TGTGACCTAGAGAATAAGTAAATTGAAAAAGGTCGTCGTTT
TGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple51v8 

CCTACTTTGGTTAATGTCATGATAATAATTTCATTGTGCAATT
CGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_motiftes
t_staple66v8 

TTCACGACCGACAGTCTGGCAATACTAGTACAAGTAAATAT
CTCGTCGTTTTGTCGTTTTGTCGTT 

 
 
PB84, CpG-containing, Outward-facing.  
Name Sequence 
PB84_CpG_out
_staple2 

ATAAAGTTTTGCGTTGCGCTCCTGCAGCATGGATGGAGGCGGTC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple3 

TGCGCTCGCCGCTACAGGGCGCACATTAAGCAGGACCACTTATC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple4 

GCTGGTTTACACCCGCCGCGCTTAATGCGGCCCTTCCGGCTGTC
GTCGTTTTGTCGTTTTGTCGTT 
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PB84_CpG_out
_staple6 

GTGTAGCGAGCCGGCGAACGTGGCGAGAAAGGGCGCTGGCAAT
CGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple7 

CGGGCGCTAGGAAGGGAAGAAAGCAGCTATATTCGTCGTTTTGT
CGTTTTGTCGTT 

PB84_CpG_out
_staple8 

TCTGACATGTCCGAGGGTTCCCAGGAAAGGAGTCGTCGTTTTGT
CGTTTTGTCGTT 

PB84_CpG_out
_staple10 

TACTTTAGGGAACCCTAAAGGGAGCCCCCGTTTACTCATATATC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple11 

TTCATTTTGGTGCCGTAAAGCACTAAATCATTGATTTAAAACTC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple12 

TCTAGGTGAATCAAGTTTTTTGGGGTCGATAATTTAAAAGGATC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple14 

CGATGGCCGAACAAGAGTCCACTATTAAACCGTCTATCAGGGTC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple15 

GCGAAAAAGAACGTGGACTCCAACAATCAGTATCGTCGTTTTGT
CGTTTTGTCGTT 

PB84_CpG_out
_staple17 

GAGATAGGATCAGCTCATTTTTTAACCAAAAAAGAATAGACCTC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple18 

TATAAATCTAGGCCGAAATCGGCATGTTGTAGTCGTCGTTTTGT
CGTTTTGTCGTT 

PB84_CpG_out
_staple19 

AAAGTCAATAGGAAGCCGCATAAGAAATCCCTTCGTCGTTTTGT
CGTTTTGTCGTT 

PB84_CpG_out
_staple21 

GGTTGTAAATGACCAAAATCCCTTAACGTTCATATGTACCCCTC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple22 

GACCCCAAGAGTTTTCGTTCCACTCCCGTATTTCGTCGTTTTGTC
GTTTTGTCGTT 

PB84_CpG_out
_staple25 

GGTGCCTCCGAAATAGACAGATCGAAAAGCATTCGTCGTTTTGT
CGTTTTGTCGTT 

PB84_CpG_out
_staple26 

CTTACGGATACTCACCAGTCACAGCTGAGATATCGTCGTTTTGT
CGTTTTGTCGTT 

PB84_CpG_out
_staple27 

GTTATCTAGGTGAGCGTGGGTCTCGCGGTCTCCCGTATCGTATC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple28 

GGTAAGCCATCATTGCAGCACTGGAACCGGAGTCGTCGTTTTGT
CGTTTTGTCGTT 

PB84_CpG_out
_staple29 

CTGAATGACGCCTTGATCGTTGGGGGCCAGATTCGTCGTTTTGT
CGTTTTGTCGTT 

PB84_CpG_out
_staple31 

AATGTGCGGGCGAACTACTTACTCTAGCTCACTTTTCGGGGATC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple33 

TCAAATATATGCCTGTAGCAATGGCAACATTTCTAAATACATTC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple37 

CATTTTGCAGGACCGAAGGAGCTAACCGCCCCTTTTTTGCGGTC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple39 

AAGTAAAAGAGTGATAACACTGCGGCCAAGAAACGCTGGTGAT
CGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple41 

AGAGAATTTCTCAGAATGACTTGGTTGAGTGGCATGACAGTATC
GTCGTTTTGTCGTTTTGTCGTT 
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PB84_CpG_out
_staple44 

GAACGTTTGCACGAGTGGGTTACATCGAATTTTCGCCCCGAATC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple45 

CTTGAGAGCTGGATCTCAACAGCGTGAATCTGTCGTCGTTTTGT
CGTTTTGTCGTT 

PB84_CpG_out
_staple46 

TCTATACAACGAAACCTTGCACTCGTAAGATCTCGTCGTTTTGTC
GTTTTGTCGTT 

PB84_CpG_out
_staple48 

AAGAGTATATGCTTCAATAATATTACATGCGATCGTCGTTTTGTC
GTTTTGTCGTT 

PB84_CpG_out
_staple49 

TGTGACCTAGAGAATAAGTAAATTGAAAAAGGTCGTCGTTTTGT
CGTTTTGTCGTT 

PB84_CpG_out
_staple51 

CCTACTTTGGTTAATGTCATGATAATAATTTCATTGTGCAATTCG
TCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple52 

TTGGTCGTCGTGATACGCCTATTTTTATAAAAAGAAAAGAGGTC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple53 

AAGCATGGACGAATTCGACGAAAGGGCCTTAATGACCCAAGAT
CGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple55 

TCTCCACCGCGCCCGGGTGGCTCAACAACTAAACGAATAGCCTC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple60 

CTATGTTCATTAGAAGGCGTTGTTATTACCCTTCGTCGTTTTGTC
GTTTTGTCGTT 

PB84_CpG_out
_staple61 

CGATATTCCACAGTCTATTATCTTTTGATACTTCGTCGTTTTGTC
GTTTTGTCGTT 

PB84_CpG_out
_staple62 

ACTGCTATATAACCATGTTACTTGGTCAGATGTGTAAAAGGATC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple64 

GCTAACGCAACTCCCGGGTTGGTTTGCACAAGATGAGAAGTGTC
GTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_out
_staple66 

TTCACGACCGACAGTCTGGCAATACTAGTACAAGTAAATATCTC
GTCGTTTTGTCGTTTTGTCGTT 

 
 
PB84, CpG-free, Outward-facing. 
Name Sequence 
PB84_CpGfree_ou
t_staple2 

ATAAAGTTTTGCGTTGCGCTCCTGCAGCATGGATGGAGGCGGC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple3 

TGCGCTCGCCGCTACAGGGCGCACATTAAGCAGGACCACTTAC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple4 

GCTGGTTTACACCCGCCGCGCTTAATGCGGCCCTTCCGGCTGC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple6 

GTGTAGCGAGCCGGCGAACGTGGCGAGAAAGGGCGCTGGCAA
CCCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple7 

CGGGCGCTAGGAAGGGAAGAAAGCAGCTATATCCCGATACTG
CCATAGACGGCAA 

PB84_CpGfree_ou
t_staple8 

TCTGACATGTCCGAGGGTTCCCAGGAAAGGAGCCCGATACTG
CCATAGACGGCAA 
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PB84_CpGfree_ou
t_staple10 

TACTTTAGGGAACCCTAAAGGGAGCCCCCGTTTACTCATATAC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple11 

TTCATTTTGGTGCCGTAAAGCACTAAATCATTGATTTAAAACC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple12 

TCTAGGTGAATCAAGTTTTTTGGGGTCGATAATTTAAAAGGAC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple14 

CGATGGCCGAACAAGAGTCCACTATTAAACCGTCTATCAGGG
CCCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple15 

GCGAAAAAGAACGTGGACTCCAACAATCAGTACCCGATACTG
CCATAGACGGCAA 

PB84_CpGfree_ou
t_staple17 

GAGATAGGATCAGCTCATTTTTTAACCAAAAAAGAATAGACC
CCCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple18 

TATAAATCTAGGCCGAAATCGGCATGTTGTAGCCCGATACTGC
CATAGACGGCAA 

PB84_CpGfree_ou
t_staple19 

AAAGTCAATAGGAAGCCGCATAAGAAATCCCTCCCGATACTG
CCATAGACGGCAA 

PB84_CpGfree_ou
t_staple21 

GGTTGTAAATGACCAAAATCCCTTAACGTTCATATGTACCCCC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple22 

GACCCCAAGAGTTTTCGTTCCACTCCCGTATTCCCGATACTGC
CATAGACGGCAA 

PB84_CpGfree_ou
t_staple25 

GGTGCCTCCGAAATAGACAGATCGAAAAGCATCCCGATACTG
CCATAGACGGCAA 

PB84_CpGfree_ou
t_staple26 

CTTACGGATACTCACCAGTCACAGCTGAGATACCCGATACTGC
CATAGACGGCAA 

PB84_CpGfree_ou
t_staple27 

GTTATCTAGGTGAGCGTGGGTCTCGCGGTCTCCCGTATCGTAC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple28 

GGTAAGCCATCATTGCAGCACTGGAACCGGAGCCCGATACTG
CCATAGACGGCAA 

PB84_CpGfree_ou
t_staple29 

CTGAATGACGCCTTGATCGTTGGGGGCCAGATCCCGATACTGC
CATAGACGGCAA 

PB84_CpGfree_ou
t_staple31 

AATGTGCGGGCGAACTACTTACTCTAGCTCACTTTTCGGGGAC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple33 

TCAAATATATGCCTGTAGCAATGGCAACATTTCTAAATACATC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple37 

CATTTTGCAGGACCGAAGGAGCTAACCGCCCCTTTTTTGCGGC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple39 

AAGTAAAAGAGTGATAACACTGCGGCCAAGAAACGCTGGTGA
CCCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple41 

AGAGAATTTCTCAGAATGACTTGGTTGAGTGGCATGACAGTAC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple44 

GAACGTTTGCACGAGTGGGTTACATCGAATTTTCGCCCCGAAC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple45 

CTTGAGAGCTGGATCTCAACAGCGTGAATCTGCCCGATACTGC
CATAGACGGCAA 

PB84_CpGfree_ou
t_staple46 

TCTATACAACGAAACCTTGCACTCGTAAGATCCCCGATACTGC
CATAGACGGCAA 
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PB84_CpGfree_ou
t_staple48 

AAGAGTATATGCTTCAATAATATTACATGCGACCCGATACTGC
CATAGACGGCAA 

PB84_CpGfree_ou
t_staple49 

TGTGACCTAGAGAATAAGTAAATTGAAAAAGGCCCGATACTG
CCATAGACGGCAA 

PB84_CpGfree_ou
t_staple51 

CCTACTTTGGTTAATGTCATGATAATAATTTCATTGTGCAATCC
CGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple52 

TTGGTCGTCGTGATACGCCTATTTTTATAAAAAGAAAAGAGGC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple53 

AAGCATGGACGAATTCGACGAAAGGGCCTTAATGACCCAAGA
CCCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple55 

TCTCCACCGCGCCCGGGTGGCTCAACAACTAAACGAATAGCCC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple60 

CTATGTTCATTAGAAGGCGTTGTTATTACCCTCCCGATACTGCC
ATAGACGGCAA 

PB84_CpGfree_ou
t_staple61 

CGATATTCCACAGTCTATTATCTTTTGATACTCCCGATACTGCC
ATAGACGGCAA 

PB84_CpGfree_ou
t_staple62 

ACTGCTATATAACCATGTTACTTGGTCAGATGTGTAAAAGGAC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple64 

GCTAACGCAACTCCCGGGTTGGTTTGCACAAGATGAGAAGTG
CCCGATACTGCCATAGACGGCAA 

PB84_CpGfree_ou
t_staple66 

TTCACGACCGACAGTCTGGCAATACTAGTACAAGTAAATATCC
CCGATACTGCCATAGACGGCAA 

 
 
PB84, CpG-containing, Inward-facing. 
Name Sequence 
PB84_CpG_in_staple2 GGCGGATAAAGTTTTGCGTTGCGCTCCTGCAGCATGGATG

GATCGTCGTTTTGTCGTTTTGTCGTT 
PB84_CpG_in_staple3 ACTTATGCGCTCGCCGCTACAGGGCGCACATTAAGCAGGA

CCTCGTCGTTTTGTCGTTTTGTCGTT 
PB84_CpG_in_staple4 GGCTGGCTGGTTTACACCCGCCGCGCTTAATGCGGCCCTT

CCTCGTCGTTTTGTCGTTTTGTCGTT 
PB84_CpG_in_staple6 GGCAAGTGTAGCGAGCCGGCGAACGTGGCGAGAAAGGGC

GCTTCGTCGTTTTGTCGTTTTGTCGTT 
PB84_CpG_in_staple7 GTTCCCAGGAAAGGAGCGGGCGCTAGGAAGGGTCGTCGT

TTTGTCGTTTTGTCGTT 
PB84_CpG_in_staple8 AAGAAAGCAGCTATATTCTGACATGTCCGAGGTCGTCGTT

TTGTCGTTTTGTCGTT 
PB84_CpG_in_staple1
0 

ATATATACTTTAGGGAACCCTAAAGGGAGCCCCCGTTTAC
TCTCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple1
1 

AAAACTTCATTTTGGTGCCGTAAAGCACTAAATCATTGAT
TTTCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple1
2 

AAGGATCTAGGTGAATCAAGTTTTTTGGGGTCGATAATTT
AATCGTCGTTTTGTCGTTTTGTCGTT 
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PB84_CpG_in_staple1
4 

CAGGGCGATGGCCGAACAAGAGTCCACTATTAAACCGTCT
ATTCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple1
6 

ACTCCAACAATCAGTACTATGCAGATTTTGACTCGTCGTTT
TGTCGTTTTGTCGTT 

PB84_CpG_in_staple1
7 

AGACCGAGATAGGATCAGCTCATTTTTTAACCAAAAAAGA
ATTCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple1
8 

CGCATAAGAAATCCCTTATAAATCTAGGCCGATCGTCGTT
TTGTCGTTTTGTCGTT 

PB84_CpG_in_staple1
9 

AATCGGCATGTTGTAGAAAGTCAATAGGAAGCTCGTCGTT
TTGTCGTTTTGTCGTT 

PB84_CpG_in_staple2
1 

ACCCCGGTTGTAAATGACCAAAATCCCTTAACGTTCATAT
GTTCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple2
3 

GTTCCACTCCCGTATTGACGCCGGTGTGGCGCTCGTCGTTT
TGTCGTTTTGTCGTT 

PB84_CpG_in_staple2
5 

AGTCACAGCTGAGATAGGTGCCTCCGAAATAGTCGTCGTT
TTGTCGTTTTGTCGTT 

PB84_CpG_in_staple2
6 

ACAGATCGAAAAGCATCTTACGGATACTCACCTCGTCGTT
TTGTCGTTTTGTCGTT 

PB84_CpG_in_staple2
7 

TCGTAGTTATCTAGGTGAGCGTGGGTCTCGCGGTCTCCCG
TATCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple2
8 

TCGTTGGGGGCCAGATGGTAAGCCATCATTGCTCGTCGTT
TTGTCGTTTTGTCGTT 

PB84_CpG_in_staple2
9 

AGCACTGGAACCGGAGCTGAATGACGCCTTGATCGTCGTT
TTGTCGTTTTGTCGTT 

PB84_CpG_in_staple3
1 

GGGGAAATGTGCGGGCGAACTACTTACTCTAGCTCACTTT
TCTCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple3
3 

TACATTCAAATATATGCCTGTAGCAATGGCAACATTTCTA
AATCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple3
7 

TGCGGCATTTTGCAGGACCGAAGGAGCTAACCGCCCCTTT
TTTCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple3
9 

GGTGAAAGTAAAAGAGTGATAACACTGCGGCCAAGAAAC
GCTTCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple4
1 

CAGTAAGAGAATTTCTCAGAATGACTTGGTTGAGTGGCAT
GATCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple4
4 

CCGAAGAACGTTTGCACGAGTGGGTTACATCGAATTTTCG
CCTCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple4
5 

TTGCACTCGTAAGATCCTTGAGAGCTGGATCTTCGTCGTTT
TGTCGTTTTGTCGTT 

PB84_CpG_in_staple4
6 

CAACAGCGTGAATCTGTCTATACAACGAAACCTCGTCGTT
TTGTCGTTTTGTCGTT 

PB84_CpG_in_staple4
8 

AGTAAATTGAAAAAGGAAGAGTATATGCTTCATCGTCGTT
TTGTCGTTTTGTCGTT 

PB84_CpG_in_staple4
9 

ATAATATTACATGCGATGTGACCTAGAGAATATCGTCGTT
TTGTCGTTTTGTCGTT 

PB84_CpG_in_staple5
1 

GCAATCCTACTTTGGTTAATGTCATGATAATAATTTCATTG
TTCGTCGTTTTGTCGTTTTGTCGTT 
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PB84_CpG_in_staple5
2 

AGAGGTTGGTCGTCGTGATACGCCTATTTTTATAAAAAGA
AATCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple5
3 

CAAGAAAGCATGGACGAATTCGACGAAAGGGCCTTAATG
ACCTCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple5
5 

TAGCCTCTCCACCGCGCCCGGGTGGCTCAACAACTAAACG
AATCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple6
0 

ATTATCTTTTGATACTCTATGTTCATTAGAAGTCGTCGTTT
TGTCGTTTTGTCGTT 

PB84_CpG_in_staple6
1 

GCGTTGTTATTACCCTCGATATTCCACAGTCTTCGTCGTTT
TGTCGTTTTGTCGTT 

PB84_CpG_in_staple6
2 

AAGGAACTGCTATATAACCATGTTACTTGGTCAGATGTGT
AATCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple6
4 

AAGTGGCTAACGCAACTCCCGGGTTGGTTTGCACAAGATG
AGTCGTCGTTTTGTCGTTTTGTCGTT 

PB84_CpG_in_staple6
6 

ATATCTTCACGACCGACAGTCTGGCAATACTAGTACAAGT
AATCGTCGTTTTGTCGTTTTGTCGTT 

 
 
PB84, CpG-free, Inward-facing. 
Name Sequence 
PB84_CpGfree_in
_staple2 

GGCGGATAAAGTTTTGCGTTGCGCTCCTGCAGCATGGATGGAC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple3 

ACTTATGCGCTCGCCGCTACAGGGCGCACATTAAGCAGGACCC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple4 

GGCTGGCTGGTTTACACCCGCCGCGCTTAATGCGGCCCTTCCC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple6 

GGCAAGTGTAGCGAGCCGGCGAACGTGGCGAGAAAGGGCGCT
CCCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple7 

GTTCCCAGGAAAGGAGCGGGCGCTAGGAAGGGCCCGATACTG
CCATAGACGGCAA 

PB84_CpGfree_in
_staple8 

AAGAAAGCAGCTATATTCTGACATGTCCGAGGCCCGATACTGC
CATAGACGGCAA 

PB84_CpGfree_in
_staple10 

ATATATACTTTAGGGAACCCTAAAGGGAGCCCCCGTTTACTCC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple11 

AAAACTTCATTTTGGTGCCGTAAAGCACTAAATCATTGATTTC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple12 

AAGGATCTAGGTGAATCAAGTTTTTTGGGGTCGATAATTTAAC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple14 

CAGGGCGATGGCCGAACAAGAGTCCACTATTAAACCGTCTAT
CCCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple16 

ACTCCAACAATCAGTACTATGCAGATTTTGACCCCGATACTGC
CATAGACGGCAA 

PB84_CpGfree_in
_staple17 

AGACCGAGATAGGATCAGCTCATTTTTTAACCAAAAAAGAAT
CCCGATACTGCCATAGACGGCAA 
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PB84_CpGfree_in
_staple18 

CGCATAAGAAATCCCTTATAAATCTAGGCCGACCCGATACTGC
CATAGACGGCAA 

PB84_CpGfree_in
_staple19 

AATCGGCATGTTGTAGAAAGTCAATAGGAAGCCCCGATACTG
CCATAGACGGCAA 

PB84_CpGfree_in
_staple21 

ACCCCGGTTGTAAATGACCAAAATCCCTTAACGTTCATATGTC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple23 

GTTCCACTCCCGTATTGACGCCGGTGTGGCGCCCCGATACTGC
CATAGACGGCAA 

PB84_CpGfree_in
_staple25 

AGTCACAGCTGAGATAGGTGCCTCCGAAATAGCCCGATACTG
CCATAGACGGCAA 

PB84_CpGfree_in
_staple26 

ACAGATCGAAAAGCATCTTACGGATACTCACCCCCGATACTGC
CATAGACGGCAA 

PB84_CpGfree_in
_staple27 

TCGTAGTTATCTAGGTGAGCGTGGGTCTCGCGGTCTCCCGTAC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple28 

TCGTTGGGGGCCAGATGGTAAGCCATCATTGCCCCGATACTGC
CATAGACGGCAA 

PB84_CpGfree_in
_staple29 

AGCACTGGAACCGGAGCTGAATGACGCCTTGACCCGATACTG
CCATAGACGGCAA 

PB84_CpGfree_in
_staple31 

GGGGAAATGTGCGGGCGAACTACTTACTCTAGCTCACTTTTCC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple33 

TACATTCAAATATATGCCTGTAGCAATGGCAACATTTCTAAAC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple37 

TGCGGCATTTTGCAGGACCGAAGGAGCTAACCGCCCCTTTTTC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple39 

GGTGAAAGTAAAAGAGTGATAACACTGCGGCCAAGAAACGCT
CCCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple41 

CAGTAAGAGAATTTCTCAGAATGACTTGGTTGAGTGGCATGAC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple44 

CCGAAGAACGTTTGCACGAGTGGGTTACATCGAATTTTCGCCC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple45 

TTGCACTCGTAAGATCCTTGAGAGCTGGATCTCCCGATACTGC
CATAGACGGCAA 

PB84_CpGfree_in
_staple46 

CAACAGCGTGAATCTGTCTATACAACGAAACCCCCGATACTGC
CATAGACGGCAA 

PB84_CpGfree_in
_staple48 

AGTAAATTGAAAAAGGAAGAGTATATGCTTCACCCGATACTG
CCATAGACGGCAA 

PB84_CpGfree_in
_staple49 

ATAATATTACATGCGATGTGACCTAGAGAATACCCGATACTGC
CATAGACGGCAA 

PB84_CpGfree_in
_staple51 

GCAATCCTACTTTGGTTAATGTCATGATAATAATTTCATTGTCC
CGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple52 

AGAGGTTGGTCGTCGTGATACGCCTATTTTTATAAAAAGAAAC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple53 

CAAGAAAGCATGGACGAATTCGACGAAAGGGCCTTAATGACC
CCCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple55 

TAGCCTCTCCACCGCGCCCGGGTGGCTCAACAACTAAACGAAC
CCGATACTGCCATAGACGGCAA 
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PB84_CpGfree_in
_staple60 

ATTATCTTTTGATACTCTATGTTCATTAGAAGCCCGATACTGCC
ATAGACGGCAA 

PB84_CpGfree_in
_staple61 

GCGTTGTTATTACCCTCGATATTCCACAGTCTCCCGATACTGCC
ATAGACGGCAA 

PB84_CpGfree_in
_staple62 

AAGGAACTGCTATATAACCATGTTACTTGGTCAGATGTGTAAC
CCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple64 

AAGTGGCTAACGCAACTCCCGGGTTGGTTTGCACAAGATGAG
CCCGATACTGCCATAGACGGCAA 

PB84_CpGfree_in
_staple66 

ATATCTTCACGACCGACAGTCTGGCAATACTAGTACAAGTAAC
CCGATACTGCCATAGACGGCAA 
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Appendix Table 3. Staple sequences for all ICO42 variants. Sequences are given in 5’ to 3’ 

orientation, and staple sets for each variant are provided in their own sub-table. 

 

ICO42, nonmodified. CpG dinucleotides are displayed in red, CpG motifs which satisfy the 

minimal hTLR9 activation sequence requirements are bolded. 

Name Sequence 
ICO42_staple2 CCCTAAAGTTGCGTTGCGCTCCTGCAGCACACTAAATCGGAA 
ICO42_staple3 CCGCTACAGGGTTTTTCGCACATTAAGGAGCCCCCGATTTTTTTT

AGAGCTT 
ICO42_staple4 CAAGATATAAGATGAGAAGTGGCTATGCGGCTTAAACGCAAG 
ICO42_staple5 GAAGGGAAGAATTTTTAGCGAAAGGAGGGCGCTGGCATTTTTAG

TGTAGCGGCGTAACCACCATTTTTCACCCGCCGC 
ICO42_staple6 TTAGAAATTGGTTACTAGGTACATCTGCGTCACGGTTAGAAG 
ICO42_staple7 TCTATTATACAGTCTGGCAATACTCGCTAGCGGGAGTCACAG 
ICO42_staple8 CGAGAAAGGACGGGGAAAGCCGGCTCAGGGTCTAGAACGTGG 
ICO42_staple9 TGGGGTCGAGGTTTTTTGCCGTAAAGTACCTATGGCGTTTTTAAA

TTCTTATGCTTTAAACAATTTTTAATCTGGCGC 
ICO42_staple1
0 

TCATTTTTCATCACCCTAATCAAGTTTTTTTGTTAAATCAGC 

ICO42_staple1
1 

GCGATGGCCCATTTTTCTACGTGAACTAACCAATAGGTTTTTCCG
AAATCGG 

ICO42_staple1
2 

AGATAGGGTTGTTTTTAGTGTTGTTCCAAGAGTCCACTTTTTTATT
AAAGAAAACGTCAAAGGTTTTTGCGAAAAACC 

ICO42_staple1
3 

GAAGGATTAAGTAAATATCTTCACACTCCCGTGGGACGTAGC 

ICO42_staple1
4 

TCAACAGCGAGTGGGTTACATCGATGGAACAGTTACTGGATC 

ICO42_staple1
5 

ATAGACCGCAAAATCCCTTATAAATGAGTTAACGTCAAAAGA 

ICO42_staple1
6 

GGCAACTATGGTTTTTATGAACGAAAGTTGTAATTCGTTTTTCGTT
AAATTT 

ICO42_staple1
7 

GAGATAGGACCCCAATCATATGTACCCCGTAGACAGATCGCT 

ICO42_staple1
8 

TTTCGTTCCACTTTTTTGAGCGTCAGTGCCTCACTGATTTTTTTAA
GCATTG 

ICO42_staple1
9 

TTTAGATTGATTTTTTTTAAAACTTCTAAAAGGATCTTTTTTAGGT
GAAGATAATCTCATGACTTTTTCAAAATCCCT 

ICO42_staple2
0 

ATGAGCACCGCCCCGAAGAACGTTTTGATCCTTTTTCCAATG 

ICO42_staple2
1 

GGCTGGCTACCACTTATGCGCTCGTAATTATTTTGCCCTTCC 
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ICO42_staple2
2 

ATATATACGTAACTGTCAGACCAAGATGGGGCCAGTTTACTC 

ICO42_staple2
3 

CAACAGAGTATCTACACGACGGGGAGTCACCGGGTGGCTCAA 

ICO42_staple2
4 

TAAGCCCTCCCTTTTTGTATCGTAGTAATAAGTAAATTTTTTTACA
TGCGAT 

ICO42_staple2
5 

ACGAATAGCCTTTTTTCTCCACCCAAACCGGAGCTGATTTTTATG
AAGCCATGCGGTATCATTTTTTTGCAGCACTGG 

ICO42_staple2
6 

CGTGACACGAGCCGGTGAGCGTGGGTCTCACCAAACGACGAG 

ICO42_staple2
7 

GGAGGCGGATATTTTTAAGTTGCAGGGGTTTATTGCTTTTTTGAT
AAATCTGCACGATGCCTGTTTTTTAGCAATGGC 

ICO42_staple2
8 

CGGGCAAGCGCGGTATTATCCCGTTGGATTAGACATTGACGC 

ICO42_staple2
9 

CGCAAACTATTTTTTTAACTGGCGAATAGCTTCCCGGTTTTTCAAC
AATTAA 

ICO42_staple3
0 

CAGTAAGAAAAAGCATCTTACGGATACTCCTACTTGGCATGA 

ICO42_staple3
1 

GCTTTTTTATCGGAGGACCGAAGGCGTTGAACAAAGCTAACC 

ICO42_staple3
2 

CGACGACGAACTCGCCTTGATCGTTGGGAGAGTTTGAGGGGA 

ICO42_staple3
3 

GCACAACATGGTTTTTGGGATCATGTAATTCGACGAATTTTTAG
GGCCTCGTTAATAATGGTTTTTTTTCTTAGACGT 

ICO42_staple3
4 

TTTTCGGGGAATTTTTATGTGCGCGGGCCAACTTACTTTTTTTCTG
ACAACG 

ICO42_staple3
5 

TTATTTTTACCATGAGTGATAACACTGCGAACCCCTATTTGT 

ICO42_staple3
6 

GAATTATGCAGTTTTTTGCTGCCATACTAAATACATTTTTTTCAAA
TATGTA 

ICO42_staple3
7 

TTCAATAATATTTTTTTGAAAAAGGACTTATTCCCTTTTTTTTTTT
GCGGCATTGAGTACTCATTTTTCCAGTCACAG 

ICO42_staple3
8 

TGACTTGGTTTTGCCTTCCTGTTTTTGCTACTATTCTCAGAA 

ICO42_staple3
9 

TTTTAAAGTTCTTTTTTGCTATGTGGAGCAACTCGGTTTTTTCGCC
GCATACCACCCAGAAACTTTTTGCTGGTGAAA 

ICO42_staple4
0 

CTGAAGATCAGTTTTTTTGGGTGCACGGTAAGATCCTTTTTTTGA
GAGTTTT 

ICO42_staple4
1 

TAGTGATAGTTTGCACACGTCTGGAGATGGTAAACGGACATC 

ICO42_staple4
2 

GTGTCGCCAGAGTATGAGTATTCACCACGTCGGAACATTTCC 

ICO42_staple4
3 

ATAAATGCTCCGCTCATGAGACAATGGTAAAGCATAACCCTG 

ICO42_staple4
4 

TTGATACTATTCCTAGATTAGAAGGGCACCAGGTGCGTTGTT 
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ICO42_staple4
5 

TGTCATGAGATACGCCTATTTTTATGTAGAGTGTTAGGTTAA 

ICO42_staple4
6 

GCGAACGAAGAACCAGGGAAAACCCTTAAGTGACAGGTACGA 

ICO42_staple4
7 

ACTGCTATCTATACAAACTAAGAGACAAAATGTGTAAAAGGA 

ICO42_staple4
8 

AAAGTCAAATCTTTTTCTATCTGTGAAACCTTGCACTTTTTTCTGA
ATCTGT 

ICO42_staple4
9 

GCAAAATAGAATTTTTTCGGTATCCATAATACCGTGTTTTTTATCA
TAATTGAAACGGGTAGGTTTTTAAGCCGCATA 

ICO42_staple5
0 

AGAGCTATGCAGCACCTGTATCGGCCTTCTCCGAGGGTTCCC 

ICO42_staple5
1 

GCAAATACGTATTTTTTCTTCCCTATCTATGTTCGCCTTTTTCGCA
TTTTGC 

ICO42_staple5
2 

ATTCTGACATATTTTTATTATTGAGCTTTGACTCGGGTTTTTTGT
AATCAGTTTGGTCGTTAATTTTTTGACCCAAGA 

ICO42_staple5
3 

AAAAGAGGACTATGCAGTAACCTCAGGATCCTACTTTAAAAG 

ICO42_staple5
4 

AGTGACGTAACTTTTTTCCCGGGTTGACCATGTTACTTTTTTTGGT
CAGTTATGTATTCATTCTTTTTATTGTGCAAT 

ICO42_staple5
5 

AGTTATGTGTTTTTTTGCAGGTAGCGCTTATTACCCTTTTTTCGAT
ATTCAC 

 
ICO42, CpG-containing, Outward-facing. 
Name Sequence 
ICO42_CpG_out
_staple2 

CCCTAAAGTTGCGTTGCGCTCCTGCAGCACACTAAATCGGAATC
GTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple4 

CAAGATATAAGATGAGAAGTGGCTATGCGGCTTAAACGCAAGT
CGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple6 

TTAGAAATTGGTTACTAGGTACATCTGCGTCACGGTTAGAAGTC
GTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple7 

TCTATTATACAGTCTGGCAATACTCGCTAGCGGGAGTCACAGTC
GTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple8 

CGAGAAAGGACGGGGAAAGCCGGCTCAGGGTCTAGAACGTGG
TCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple10 

TCATTTTTCATCACCCTAATCAAGTTTTTTTGTTAAATCAGCTCG
TCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple13 

GAAGGATTAAGTAAATATCTTCACACTCCCGTGGGACGTAGCTC
GTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple14 

TCAACAGCGAGTGGGTTACATCGATGGAACAGTTACTGGATCT
CGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple15 

ATAGACCGCAAAATCCCTTATAAATGAGTTAACGTCAAAAGAT
CGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple17 

GAGATAGGACCCCAATCATATGTACCCCGTAGACAGATCGCTT
CGTCGTTTTGTCGTTTTGTCGTT 
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ICO42_CpG_out
_staple20 

ATGAGCACCGCCCCGAAGAACGTTTTGATCCTTTTTCCAATGTC
GTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple21 

GGCTGGCTACCACTTATGCGCTCGTAATTATTTTGCCCTTCCTCG
TCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple22 

ATATATACGTAACTGTCAGACCAAGATGGGGCCAGTTTACTCTC
GTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple23 

CAACAGAGTATCTACACGACGGGGAGTCACCGGGTGGCTCAAT
CGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple26 

CGTGACACGAGCCGGTGAGCGTGGGTCTCACCAAACGACGAGT
CGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple28 

CGGGCAAGCGCGGTATTATCCCGTTGGATTAGACATTGACGCTC
GTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple30 

CAGTAAGAAAAAGCATCTTACGGATACTCCTACTTGGCATGATC
GTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple31 

GCTTTTTTATCGGAGGACCGAAGGCGTTGAACAAAGCTAACCTC
GTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple32 

CGACGACGAACTCGCCTTGATCGTTGGGAGAGTTTGAGGGGAT
CGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple35 

TTATTTTTACCATGAGTGATAACACTGCGAACCCCTATTTGTTC
GTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple38 

TGACTTGGTTTTGCCTTCCTGTTTTTGCTACTATTCTCAGAATCG
TCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple41 

TAGTGATAGTTTGCACACGTCTGGAGATGGTAAACGGACATCTC
GTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple42 

GTGTCGCCAGAGTATGAGTATTCACCACGTCGGAACATTTCCTC
GTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple43 

ATAAATGCTCCGCTCATGAGACAATGGTAAAGCATAACCCTGT
CGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple44 

TTGATACTATTCCTAGATTAGAAGGGCACCAGGTGCGTTGTTTC
GTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple45 

TGTCATGAGATACGCCTATTTTTATGTAGAGTGTTAGGTTAATC
GTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple46 

GCGAACGAAGAACCAGGGAAAACCCTTAAGTGACAGGTACGAT
CGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple47 

ACTGCTATCTATACAAACTAAGAGACAAAATGTGTAAAAGGAT
CGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple50 

AGAGCTATGCAGCACCTGTATCGGCCTTCTCCGAGGGTTCCCTC
GTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_out
_staple53 

AAAAGAGGACTATGCAGTAACCTCAGGATCCTACTTTAAAAGT
CGTCGTTTTGTCGTTTTGTCGTT 
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ICO42, CpG-free, Outward-facing. 
Name Sequence 
ICO42_CpGfree_ou
t_staple2 

CCCTAAAGTTGCGTTGCGCTCCTGCAGCACACTAAATCGGAA
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple4 

CAAGATATAAGATGAGAAGTGGCTATGCGGCTTAAACGCAA
GCCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple6 

TTAGAAATTGGTTACTAGGTACATCTGCGTCACGGTTAGAAG
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple7 

TCTATTATACAGTCTGGCAATACTCGCTAGCGGGAGTCACAG
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple8 

CGAGAAAGGACGGGGAAAGCCGGCTCAGGGTCTAGAACGTG
GCCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple10 

TCATTTTTCATCACCCTAATCAAGTTTTTTTGTTAAATCAGCC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple13 

GAAGGATTAAGTAAATATCTTCACACTCCCGTGGGACGTAGC
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple14 

TCAACAGCGAGTGGGTTACATCGATGGAACAGTTACTGGATC
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple15 

ATAGACCGCAAAATCCCTTATAAATGAGTTAACGTCAAAAGA
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple17 

GAGATAGGACCCCAATCATATGTACCCCGTAGACAGATCGCT
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple20 

ATGAGCACCGCCCCGAAGAACGTTTTGATCCTTTTTCCAATG
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple21 

GGCTGGCTACCACTTATGCGCTCGTAATTATTTTGCCCTTCCC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple22 

ATATATACGTAACTGTCAGACCAAGATGGGGCCAGTTTACTC
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple23 

CAACAGAGTATCTACACGACGGGGAGTCACCGGGTGGCTCA
ACCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple26 

CGTGACACGAGCCGGTGAGCGTGGGTCTCACCAAACGACGA
GCCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple28 

CGGGCAAGCGCGGTATTATCCCGTTGGATTAGACATTGACGC
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple30 

CAGTAAGAAAAAGCATCTTACGGATACTCCTACTTGGCATGA
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple31 

GCTTTTTTATCGGAGGACCGAAGGCGTTGAACAAAGCTAACC
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple32 

CGACGACGAACTCGCCTTGATCGTTGGGAGAGTTTGAGGGGA
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple35 

TTATTTTTACCATGAGTGATAACACTGCGAACCCCTATTTGTC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple38 

TGACTTGGTTTTGCCTTCCTGTTTTTGCTACTATTCTCAGAAC
CCGATACTGCCATAGACGGCAA 
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ICO42_CpGfree_ou
t_staple41 

TAGTGATAGTTTGCACACGTCTGGAGATGGTAAACGGACATC
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple42 

GTGTCGCCAGAGTATGAGTATTCACCACGTCGGAACATTTCC
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple43 

ATAAATGCTCCGCTCATGAGACAATGGTAAAGCATAACCCTG
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple44 

TTGATACTATTCCTAGATTAGAAGGGCACCAGGTGCGTTGTT
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple45 

TGTCATGAGATACGCCTATTTTTATGTAGAGTGTTAGGTTAAC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple46 

GCGAACGAAGAACCAGGGAAAACCCTTAAGTGACAGGTACG
ACCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple47 

ACTGCTATCTATACAAACTAAGAGACAAAATGTGTAAAAGG
ACCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple50 

AGAGCTATGCAGCACCTGTATCGGCCTTCTCCGAGGGTTCCC
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_ou
t_staple53 

AAAAGAGGACTATGCAGTAACCTCAGGATCCTACTTTAAAAG
CCCGATACTGCCATAGACGGCAA 

 
 
ICO42, CpG-containing, Inward-facing. 
Name Sequence 
ICO42_CpG_in_staple
2 

CGGAACCCTAAAGTTGCGTTGCGCTCCTGCAGCACACTAA
ATTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
4 

AAGTGGCTATGCGGCTTAAACGCAAGCAAGATATAAGAT
GAGTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
6 

AGGTACATCTGCGTCACGGTTAGAAGTTAGAAATTGGTTA
CTTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
7 

GCAATACTCGCTAGCGGGAGTCACAGTCTATTATACAGTC
TGTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
8 

AAGCCGGCTCAGGGTCTAGAACGTGGCGAGAAAGGACGG
GGATCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
10 

TCAGCTCATTTTTCATCACCCTAATCAAGTTTTTTTGTTAA
ATCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
13 

GTAGCGAAGGATTAAGTAAATATCTTCACACTCCCGTGGG
ACTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
14 

TACATCGATGGAACAGTTACTGGATCTCAACAGCGAGTGG
GTTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
15 

CTTATAAATGAGTTAACGTCAAAAGAATAGACCGCAAAAT
CCTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
17 

TCGCTGAGATAGGACCCCAATCATATGTACCCCGTAGACA
GATCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
20 

AGAACGTTTTGATCCTTTTTCCAATGATGAGCACCGCCCC
GATCGTCGTTTTGTCGTTTTGTCGTT 
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ICO42_CpG_in_staple
21 

CTTCCGGCTGGCTACCACTTATGCGCTCGTAATTATTTTGC
CTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
22 

CAGACCAAGATGGGGCCAGTTTACTCATATATACGTAACT
GTTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
23 

CTCAACAACAGAGTATCTACACGACGGGGAGTCACCGGG
TGGTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
26 

ACGAGCGTGACACGAGCCGGTGAGCGTGGGTCTCACCAA
ACGTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
28 

TATCCCGTTGGATTAGACATTGACGCCGGGCAAGCGCGGT
ATTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
30 

CTTACGGATACTCCTACTTGGCATGACAGTAAGAAAAAGC
ATTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
31 

ACCGAAGGCGTTGAACAAAGCTAACCGCTTTTTTATCGGA
GGTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
32 

GGGGACGACGACGAACTCGCCTTGATCGTTGGGAGAGTTT
GATCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
35 

TTTGTTTATTTTTACCATGAGTGATAACACTGCGAACCCCT
ATCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
38 

CAGAATGACTTGGTTTTGCCTTCCTGTTTTTGCTACTATTC
TTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
41 

ACGTCTGGAGATGGTAAACGGACATCTAGTGATAGTTTGC
ACTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
42 

AGTATTCACCACGTCGGAACATTTCCGTGTCGCCAGAGTA
TGTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
43 

TGAGACAATGGTAAAGCATAACCCTGATAAATGCTCCGCT
CATCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
44 

ATTAGAAGGGCACCAGGTGCGTTGTTTTGATACTATTCCT
AGTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
45 

TATTTTTATGTAGAGTGTTAGGTTAATGTCATGAGATACGC
CTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
46 

GGAAAACCCTTAAGTGACAGGTACGAGCGAACGAAGAAC
CAGTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
47 

AAGGAACTGCTATCTATACAAACTAAGAGACAAAATGTGT
AATCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
50 

TTCCCAGAGCTATGCAGCACCTGTATCGGCCTTCTCCGAG
GGTCGTCGTTTTGTCGTTTTGTCGTT 

ICO42_CpG_in_staple
53 

GTAACCTCAGGATCCTACTTTAAAAGAAAAGAGGACTATG
CATCGTCGTTTTGTCGTTTTGTCGTT 
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ICO42, CpG-free, Inward-facing. 
Name Sequence 
ICO42_CpGfree_i
n_staple2 

CGGAACCCTAAAGTTGCGTTGCGCTCCTGCAGCACACTAAATC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple4 

AAGTGGCTATGCGGCTTAAACGCAAGCAAGATATAAGATGAG
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple6 

AGGTACATCTGCGTCACGGTTAGAAGTTAGAAATTGGTTACTC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple7 

GCAATACTCGCTAGCGGGAGTCACAGTCTATTATACAGTCTGC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple8 

AAGCCGGCTCAGGGTCTAGAACGTGGCGAGAAAGGACGGGGA
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple10 

TCAGCTCATTTTTCATCACCCTAATCAAGTTTTTTTGTTAAACC
CGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple13 

GTAGCGAAGGATTAAGTAAATATCTTCACACTCCCGTGGGACC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple14 

TACATCGATGGAACAGTTACTGGATCTCAACAGCGAGTGGGTC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple15 

CTTATAAATGAGTTAACGTCAAAAGAATAGACCGCAAAATCC
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple17 

TCGCTGAGATAGGACCCCAATCATATGTACCCCGTAGACAGAC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple20 

AGAACGTTTTGATCCTTTTTCCAATGATGAGCACCGCCCCGAC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple21 

CTTCCGGCTGGCTACCACTTATGCGCTCGTAATTATTTTGCCCC
CGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple22 

CAGACCAAGATGGGGCCAGTTTACTCATATATACGTAACTGTC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple23 

CTCAACAACAGAGTATCTACACGACGGGGAGTCACCGGGTGG
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple26 

ACGAGCGTGACACGAGCCGGTGAGCGTGGGTCTCACCAAACG
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple28 

TATCCCGTTGGATTAGACATTGACGCCGGGCAAGCGCGGTATC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple30 

CTTACGGATACTCCTACTTGGCATGACAGTAAGAAAAAGCATC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple31 

ACCGAAGGCGTTGAACAAAGCTAACCGCTTTTTTATCGGAGGC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple32 

GGGGACGACGACGAACTCGCCTTGATCGTTGGGAGAGTTTGA
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple35 

TTTGTTTATTTTTACCATGAGTGATAACACTGCGAACCCCTACC
CGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple38 

CAGAATGACTTGGTTTTGCCTTCCTGTTTTTGCTACTATTCTCC
CGATACTGCCATAGACGGCAA 
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ICO42_CpGfree_i
n_staple41 

ACGTCTGGAGATGGTAAACGGACATCTAGTGATAGTTTGCACC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple42 

AGTATTCACCACGTCGGAACATTTCCGTGTCGCCAGAGTATGC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple43 

TGAGACAATGGTAAAGCATAACCCTGATAAATGCTCCGCTCAC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple44 

ATTAGAAGGGCACCAGGTGCGTTGTTTTGATACTATTCCTAGC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple45 

TATTTTTATGTAGAGTGTTAGGTTAATGTCATGAGATACGCCC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple46 

GGAAAACCCTTAAGTGACAGGTACGAGCGAACGAAGAACCAG
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple47 

AAGGAACTGCTATCTATACAAACTAAGAGACAAAATGTGTAA
CCCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple50 

TTCCCAGAGCTATGCAGCACCTGTATCGGCCTTCTCCGAGGGC
CCGATACTGCCATAGACGGCAA 

ICO42_CpGfree_i
n_staple53 

GTAACCTCAGGATCCTACTTTAAAAGAAAAGAGGACTATGCA
CCCGATACTGCCATAGACGGCAA 

 

 

 

 

 

 

 

 



167 
 

Appendix Table 4. Sequences for siRNA-DNA nanoparticles. Sequences are given in 5’ to 3’ 

orientation. 

 

PB84 with linker. Linker sequence is displayed in bold. 

Name Sequence 
PB84_linker_staple2 ATAAAGTTTTGCGTTGCGCTCCTGCAGCATGGATGGAGGCG

GCCCGATACTGCCATAGACGGCAA 
PB84_linker_staple3 TGCGCTCGCCGCTACAGGGCGCACATTAAGCAGGACCACT

TACCCGATACTGCCATAGACGGCAA 
PB84_linker_staple4 GCTGGTTTACACCCGCCGCGCTTAATGCGGCCCTTCCGGCT

GCCCGATACTGCCATAGACGGCAA 
PB84_linker_staple6 GTGTAGCGAGCCGGCGAACGTGGCGAGAAAGGGCGCTGGC

AACCCGATACTGCCATAGACGGCAA 
PB84_linker_staple7 CGGGCGCTAGGAAGGGAAGAAAGCAGCTATATCCCGATA

CTGCCATAGACGGCAA 
PB84_linker_staple8 TCTGACATGTCCGAGGGTTCCCAGGAAAGGAGCCCGATAC

TGCCATAGACGGCAA 
PB84_linker_staple10 TACTTTAGGGAACCCTAAAGGGAGCCCCCGTTTACTCATAT

ACCCGATACTGCCATAGACGGCAA 
PB84_linker_staple11 TTCATTTTGGTGCCGTAAAGCACTAAATCATTGATTTAAAA

CCCCGATACTGCCATAGACGGCAA 
PB84_linker_staple12 TCTAGGTGAATCAAGTTTTTTGGGGTCGATAATTTAAAAGG

ACCCGATACTGCCATAGACGGCAA 
PB84_linker_staple14 CGATGGCCGAACAAGAGTCCACTATTAAACCGTCTATCAG

GGCCCGATACTGCCATAGACGGCAA 
PB84_linker_staple15 GCGAAAAAGAACGTGGACTCCAACAATCAGTACCCGATA

CTGCCATAGACGGCAA 
PB84_linker_staple17 GAGATAGGATCAGCTCATTTTTTAACCAAAAAAGAATAGA

CCCCCGATACTGCCATAGACGGCAA 
PB84_linker_staple18 TATAAATCTAGGCCGAAATCGGCATGTTGTAGCCCGATAC

TGCCATAGACGGCAA 
PB84_linker_staple19 AAAGTCAATAGGAAGCCGCATAAGAAATCCCTCCCGATAC

TGCCATAGACGGCAA 
PB84_linker_staple21 GGTTGTAAATGACCAAAATCCCTTAACGTTCATATGTACCC

CCCCGATACTGCCATAGACGGCAA 
PB84_linker_staple22 GACCCCAAGAGTTTTCGTTCCACTCCCGTATTCCCGATACT

GCCATAGACGGCAA 
PB84_linker_staple25 GGTGCCTCCGAAATAGACAGATCGAAAAGCATCCCGATAC

TGCCATAGACGGCAA 
PB84_linker_staple26 CTTACGGATACTCACCAGTCACAGCTGAGATACCCGATAC

TGCCATAGACGGCAA 
PB84_linker_staple27 GTTATCTAGGTGAGCGTGGGTCTCGCGGTCTCCCGTATCGT

ACCCGATACTGCCATAGACGGCAA 
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PB84_linker_staple28 GGTAAGCCATCATTGCAGCACTGGAACCGGAGCCCGATAC
TGCCATAGACGGCAA 

PB84_linker_staple29 CTGAATGACGCCTTGATCGTTGGGGGCCAGATCCCGATAC
TGCCATAGACGGCAA 

PB84_linker_staple31 AATGTGCGGGCGAACTACTTACTCTAGCTCACTTTTCGGGG
ACCCGATACTGCCATAGACGGCAA 

PB84_linker_staple33 TCAAATATATGCCTGTAGCAATGGCAACATTTCTAAATACA
TCCCGATACTGCCATAGACGGCAA 

PB84_linker_staple37 CATTTTGCAGGACCGAAGGAGCTAACCGCCCCTTTTTTGCG
GCCCGATACTGCCATAGACGGCAA 

PB84_linker_staple39 AAGTAAAAGAGTGATAACACTGCGGCCAAGAAACGCTGGT
GACCCGATACTGCCATAGACGGCAA 

PB84_linker_staple41 AGAGAATTTCTCAGAATGACTTGGTTGAGTGGCATGACAG
TACCCGATACTGCCATAGACGGCAA 

PB84_linker_staple44 GAACGTTTGCACGAGTGGGTTACATCGAATTTTCGCCCCGA
ACCCGATACTGCCATAGACGGCAA 

PB84_linker_staple45 CTTGAGAGCTGGATCTCAACAGCGTGAATCTGCCCGATAC
TGCCATAGACGGCAA 

PB84_linker_staple46 TCTATACAACGAAACCTTGCACTCGTAAGATCCCCGATAC
TGCCATAGACGGCAA 

PB84_linker_staple48 AAGAGTATATGCTTCAATAATATTACATGCGACCCGATAC
TGCCATAGACGGCAA 

PB84_linker_staple49 TGTGACCTAGAGAATAAGTAAATTGAAAAAGGCCCGATA
CTGCCATAGACGGCAA 

PB84_linker_staple51 CCTACTTTGGTTAATGTCATGATAATAATTTCATTGTGCAA
TCCCGATACTGCCATAGACGGCAA 

PB84_linker_staple52 TTGGTCGTCGTGATACGCCTATTTTTATAAAAAGAAAAGAG
GCCCGATACTGCCATAGACGGCAA 

PB84_linker_staple53 AAGCATGGACGAATTCGACGAAAGGGCCTTAATGACCCAA
GACCCGATACTGCCATAGACGGCAA 

PB84_linker_staple55 TCTCCACCGCGCCCGGGTGGCTCAACAACTAAACGAATAG
CCCCCGATACTGCCATAGACGGCAA 

PB84_linker_staple60 CTATGTTCATTAGAAGGCGTTGTTATTACCCTCCCGATACT
GCCATAGACGGCAA 

PB84_linker_staple61 CGATATTCCACAGTCTATTATCTTTTGATACTCCCGATACT
GCCATAGACGGCAA 

PB84_linker_staple62 ACTGCTATATAACCATGTTACTTGGTCAGATGTGTAAAAGG
ACCCGATACTGCCATAGACGGCAA 

PB84_linker_staple64 GCTAACGCAACTCCCGGGTTGGTTTGCACAAGATGAGAAG
TGCCCGATACTGCCATAGACGGCAA 

PB84_linker_staple66 TTCACGACCGACAGTCTGGCAATACTAGTACAAGTAAATA
TCCCCGATACTGCCATAGACGGCAA 
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siRNA sequences. 2'o-methylated, 5' Atto488. m = 2'O-Me, r = RNA. 2-nt 3' overhang and linker 

sequence are in bold. 

Mouse PD-L1 siRNA, sense strand with linker, 5’ Atto488. 
/5ATTO488N/mGmCmGmAmAmUmCmAmCmGmCmUmGmAmAmAmGmUmCmUmUr
GrCrCrGrUrCrUrArUrGrGrCrArGrUrArUrC  

Mouse PD-L1 siRNA, antisense strand.  
mGmAmCmUmUmUmCmAmGmCmGmUmGmAmUmUmCmGmCmUmU  

Mouse PD-L1 scrambled siRNA, sense strand with linker, 5' Alexa647.  
/5ATTO647NN/mGmGmAmAmCmGmGmCmUmAmCmUmCmGmUmAmAmCmAmUmU
rGrCrCrGrUrCrUrArUrGrGrCrArGrUrArUrC  

Mouse PD-L1 scrambled siRNA, antisense strand.  
mUmGmUmUmAmCmGmAmGmUmAmGmCmCmGmUmUmCmCmUmU  

GAPDH1.  
Antisense: 5' AAAUCCGUUGACUCCGACC (DUDU) 3'  
Sense: 5' GGUCGGAGUCAACGGAUUU (UUGCCGUCUAUGGCAGUAUC) 3'  

Scrambled GAPDH1. 
Antisense: 5' CCGCUGCUACUCAAAGACU (DUDU) 3'  
Sense: 5' AGUCUUUGAGUAGCAGCGG (UUGCCGUCUAUGGCAGUAUC) 3'  

GAPDH2. 
Antisense: 5' CAGAGAUGAUGACCCUUUU (DUDU) 3' 
Sense: 5' AAAAGGGUCAUCAUCUCUG (UUGCCGUCUAUGGCAGUAUC) 3'  

Scrambled GAPDH2. 
Antisense: 5' CGUAAGAACCAGUCUUGUU (DUDU) 3'  
Sense: 5' AACAAGACUGGUUCUUACG  (UUGCCGUCUAUGGCAGUAUC) 3'  

GAPDH3. 
Antisense: 5' GGCCAUCCACAGUCUUCUG (DUDU) 3'  
Sense:  5' CAGAAGACUGUGGAUGGCC (UUGCCGUCUAUGGCAGUAUC) 3'   

Scrambled GAPDH3. 
Antisense: 5' UCACGCGAGCGUACUCUUC (DUDU) 3' 
Sense: 5' GAAGAGUACGCUCGCGUGA (UUGCCGUCUAUGGCAGUAUC) 3' 
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Supplementary Information: Chapter 2 
 

 
 
Figure A.3. Single-strand DNA synthesis and phage assembly. (a) Full agarose gel from Figure 
1b, showing asymmetric PCR products of f1 origin-containing synthetic gBlock and bla-selection 
marker-containing ssDNAs. (b) Wide-field TEM micrograph showing assembled phage in the 
clarified media, rod-shaped and approximately 200 nm in size. (c) Full agarose gel from Figure 
1d showing DNA purification results from the bacterial pellet and the purified phage from the 
media. M: Marker. Scale bar is shown for reference. 
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Figure A.4. Plasmid maps of constructs generated. (a) phPB52 and (b) phPB84. 
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Figure A.5. Triplicate time course assays for optimizing phPB84 miniphage production. (a) 
DNA was prepared from column purification of processed, cleared supernatant of bacterial 
growths at the indicated times. Growth was in 2×YT media using the SS320 strain transformed 
with phPB84 and the M13cp helper plasmid. (b) O.D.600 time course monitoring the growth of 
the bacterial culture, inoculated at the 0 time point to have an O.D.600 of 0.05. (c) Percent purity 
was measured based on gel percent intensity of the cssDNA compared to total lane intensity, 
measured by ImageJ (52) 
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Figure A.6. Agarose gels showing triplicate measurements of cssDNA prepared from the 
cleared media for optimizing conditions. (a) Independent colonies of the DH5a F’Iq (Invitrogen) 
strain with helper plasmid transformed with phPB84 and grown to the 8 h time point in 2×YT 
media. (b) Agarose gel showing processed cssDNA from a time course assay and triplicate growths 
at the 8 h time point with Terrific Broth as the growth media using the SS320 strain.  (c) Agarose 
gel showing triplicate cssDNA prepared from the cleared media using 2×YT media at pHs 
indicated, buffered with 100 mM HEPES-NaOH at the 8 h time point using the SS320 strain. 
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Figure A.7. Agarose gel of time course production of cssDNA phPB84 in a bioreactor. Growth 
was in 2×YT media using the SS320 strain transformed with phPB84 and the M13cp helper 
plasmid with pH controlled to 7.0. M: marker; +: phPB84 from shaker flask growth. 
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Figure A.8. Endotoxin screening using standard curve with the 10 nM scaffold data point 
shown. The ToxinSensor Chromogenic LAL Endotoxin Assay Kit (GenScript) was used to assay 
endotoxin levels in the prepared DNA. The eluted DNA was diluted to 10 nM from the Endofree 
Maxiprep purification kit (Qiagen) and tested against a standard curve by following the 
manufacturer’s protocol monitoring absorbance at 545 nm, shown as blue dots. The endotoxin 
level was calculated to be 1.1 ± 0.1, shown as a red dot. 
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Figure A.9. Agarose gel analysis of folding of nanoparticles. (a) Uncropped gel of a folded 
pentagonal bipyramid of 52-bp edge length. (b) Uncropped gel of a folded pentagonal bipyramid 
of 84-bp edge length. 
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Figure A.10. Wide-field TEM micrographs of scaffolded DNA nanoparticles. (a) Pentagonal 
bipyramid with 52-bp edge lengths and (b) Pentagonal bipyramid with 84-bp edge lengths are 
shown. Scale bars are shown for reference.
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Appendix Table 5. Sequences of each of the phages and amplicons generated in this study. 
 
phPB52 GAGCGCAACGCAATTAATGTGCGCCCTGTAGCGGCGCATTAAGCGCGG

CGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCC
TAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCC
GGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGAT
TTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATG
GTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGAC
GTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACA
ACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCC
GATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAAC
GCGAATTACAACCGGGGTACATATGATTGGGGTCTGACGCTCAGTGGA
ACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGA
TCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTA
AAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGT
GAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCT
GACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTG
GCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAG
ATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGT
GGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGG
AAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGC
CATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCA
TTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGT
TGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAG
TAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAAT
TCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGT
ACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCT
CTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTT
TAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAA
GGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACC
CAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCA
AAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACG
GAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTT
ATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAA
AAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACC
TGACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAG
GCGTATCACGAGGCCCTTTCGTC 

phPB84 GAGCGCAACGCAATTAATGTGCGCCCTGTAGCGGCGCATTAAGCGCGG
CGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCC
TAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCC
GGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGAT
TTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATG
GTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGAC
GTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACA
ACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCC
GATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAAC
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GCGAATTACAACCGGGGTACATATGATTGGGGTCTGACGCTCAGTGGA
ACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGA
TCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTA
AAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGT
GAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCT
GACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTG
GCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAG
ATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAtAAGTG
GTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGA
AGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCC
ATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCAT
TCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTT
GTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGT
AAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATT
CTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTA
CTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCT
TGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTA
AAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGG
ATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCA
ACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAA
AACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGA
AATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTAT
CAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAA
ATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTG
ACGTCTAAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGC
GTATCACGAGGCCCTTTCGTCGAATTCGTCGTCGTCCCCTCAAACTCTT
GGGTGGAGAGGCTATTCGTTTAAGGTCACATCGCATGTAATTTACTTAT
TCTCTGTTGTTGAGCCACCCGGGCGCCAGATTTTGTTTAAAGCTTTGTC
TCTTAGTTTGTATAGACAGATTCAGAGTGCAAGGTTTCGTTCGCTCGTA
CCTGGTTTTCCCTGGTTCTTCACAGATAGGATTTGACTTTCTACAACACT
TATGCGGCTTCCTACCCGTTTGAAGGCCGATACAGGTGCTGCGCAAAA
TGCGGGCGAACATAGAGTATCAAAACAACGCCTTCTAATCTAGGAATA
TAGGGAAGATACGTATTTGCTACCATGCTTTCTTGGGTCATTAACGACC
AACCTCTTTTCTTTTAAAGTAGGATTGCACAATGAATGAATACACGTGG
TCCGATAACTGACCAAGTAACATGGTTATCACTaGATGTCCGCCAGACG
TGTGCAAACCAACCCGGGAGTTACGTCACTAATCCTTCGCTACGTCGTG
AAGATATTTACTTGTGAATATCGAGGGTAATAAGATAATAGACTGTGA
CTAGTATTGCCAGACTGTCGCTACCTGCAACACATAACTATCCTGAGGT
TACTGCATAGTACTGATTACACCCGAGTCAAAATTTCTAACTTCTAACA
TGTACCTAGTAACCAGCTCAATAATTATGTCAGAATATAGCTCTGGGA
ACCCTCGGACAATTATGATACACGGTATTAATATCTTGCTTGCGTTAGC
CACTTCTCATCTTTGGATACCGATTCTATTTTGCATAGCAGTTCCTTTTA
CACATATAAGAATTTCGCCATAGGTATGCTGCAG   

F1ori 
amplicon 

/5phos/GAGCGCAACGCAATTAATGTGCGCCCTGTAGCGGCGCATTAAGC
GCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGC
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Top 
Strand 

GCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTT
CGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTC
CGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTG
ATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTT
GACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGA
ACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTT
GCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTT
AACGCGAATTACAACCGGGGTACATATGATT 

AmpR 
amplicon 
Bottom 
Strand 

/5phos/ACATTAATTGCGTTGCGCTCGACGAAAGGGCCTCGTGATACGCC
TATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGG
TGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTC
TAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAA
ATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATTTC
CGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCT
CACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGT
GCACGAGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTT
GAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAG
TTCTGCTATGTGGCGCGGTATTATCCCGTATTGACGCCGGGCAAGAGCA
ACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCA
CCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTA
TGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTC
TGACAACGATCGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACA
TGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATG
AAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAATGG
CAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTC
CCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACC
ACTTCTGCGCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCT
GGAGCCGGTGAGCGTGGGTCTCGCGGTATCATTGCAGCACTGGGGCCA
GATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTCAG
GCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCA
CTGATTAAGCATTGGTAACTGTCAGACCAAGTTTACTCATATATACTTT
AGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGAT
CCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTGAGTTTTCGTTCC
ACTGAGCGTCAGACCCCAATCATATGTACCCCGGTTGTA 

 
 
 
 
 
 
 
 
 
 
 
 



181 
 

Appendix Table 6. Primers used for cloning and sequence validation. 
 
SeqPrimer1 CAATCATATGTACCCCGGTTGT 
SeqPrimer2 GACGAAAGGGCCTCGTGATA 
SeqPrimer3 ACCGAAGGAGCTAACCGCTT 
SeqPrimer4 CCCGATTTAGAGCTTGACGG 
SeqPrimer5 TGCTATGCAAAATAGAATCG 
SeqPrimer6 ACCAGGGAAAACCAGGTAC 
SeqPrimer7 GCGCTCCTGCAGGCTGAAAAGGTGGCATCAATAG 
SeqPrimer8 CTGCAGCATACCTATGGCGAAATTCTTATATGTG 
SeqPrimer9 ACCAGGGAAAACCAGGTAC 
SeqPrimer10 CTGAATGAAGCCATACCAAACGA 
SeqPrimer11 GACGAAAGGGCCTCGTGATA 
SeqPrimer12 ACATTAATTGCGTTGCGCTC   

F1gBlock_forward /5phos/GAGCGCAACGCAATTAATGT 
F1gBlock_reverse ATCATATGTACCCCGGTTGT 
AmpR_forward ACAACCGGGGTACATATGATTGGGGTCTGACGCTCAGTGGA

A 
AmpR_reverse /5phos/ACATTAATTGCGTTGCGCTCGACGAAAGGGCCTCGTG

ATA   

PB84ins_PstI_reverse CTGCAGCATACCTATGGCGAAATTCTTATATGTG 
F1A_PstI_for GGTATGCTGCAGGAGCGCAACGCAATTAATGT 
F1A_EcoRI_rev GACGACGAATTCGACGAAAGGGCCTCGTGATA 
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Appendix Table 7. Staples for 52-bp edge-length pentagonal bipyramid nanoparticle from 
phPB52 sequence 
 
pbip52_1-1293-V TCTCAACAGCGTTTTTGTAAGATCCTAACATGGGGGATTTTTTC

ATGTAACT 
pbip52_1-1520-E TTTTTCTAAAAGTGGGTTACATCGAACTGGACTATTTGTTTA 
pbip52_1-1510-E TACATTCAAATGGGTGCACG 
pbip52_2-1261-E GCCCCGAAGAGAGCTAACCGCTTTTTTGCACTGAGAGTTTTC 
pbip52_2-1251-E ACGTTTTCCAAGGACCGAAG 
pbip52_3-1088-V GTAAGAGAATTTTTTTATGCAGTGCTCTTACTTCTGATTTTTCA

ACGATCGGATGATGAGCACTTTTTTTTTAAAGTT 
pbip52_3-783-E TCTGCGCTGGCGGATAAAGTTGCAACGGATG 
pbip52_3-1096-E GCATGACAACAGAAAAGCATCTTGGACCACT 
pbip52_4-880-V CAACGTTGCGCTTTTTAAACTATTAAGACAGATCGCTTTTTTGA

GATAGGTG 
pbip52_4-1043-E GCGGCCAAGCCATAACCATGAGTGCTGTAGC 
pbip52_4-888-E AATGGCAAGTGACACCACGATGCATAACACT 
pbip52_5-484-E ATCTCATGACCGCTACAGGGCGCCACTTTTCCCTTTTTGATA 
pbip52_5-474-E CAAAATCCCTCTTAAAGCGC 
pbip52_6-516-V TAAAAGGATCTTTTTTAGGTGAAGATGGGGAAATGTGTTTTTC

GCGGAACCC 
pbip52_6-951-E TTGGGAACCGTTTAAAACTTCATTTTTAATTCGCCTTGATCG 
pbip52_6-941-E GAGCTGAATGTTTAGATTGA 
pbip52_7-568-V ACCAAGTTTACTTTTTTCATATATACAAGCCATACCATTTTTAA

CGACGAGC 
pbip52_7-419-E TTAAATTTTGAGCGTCAGACCCCAATTGGTA 
pbip52_7-576-E ACTGTCAGCCTCACTGATTAAGCAATTCGCG 
pbip52_8-828-V ACAATTAATAGTTTTTACTGGATGGACGGCCCTTCCGTTTTTGC

TGGCTGGT 
pbip52_8-848-E CTTACTCTAGCAACTATGGATGAACGAAATACTGGCGAACTA 
pbip52_8-838-E CTTCCCGGCAGGGAGTCAGG 
pbip52_9-1190-V GACGCCGGGCATTTTTAGAGCAACTCTTGGTTGAGTATTTTTCT

CACCAGTC 
pbip52_9-1345-V TAAAAGATGCTTTTTTGAAGATCAGTTATGTATCCGCTTTTTTC

ATGAGACA 
pbip52_9-1353-E GGTGAAAGTGTTTTTGCTCACCCAGTATTAT 
pbip52_9-1198-E CCCGTATTCTGCTATGTGGCGCGGAAACGCT 
pbip52_10-157-E GCCCCCGACACTAAATCGGAACCCCGCCCTT 
pbip52_10-1406-
E 

ATTCCCTTTCAACATTTCCGTGTTAAAGGGA 
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pbip52_11-1449-
V 

AAAAAGGAAGATTTTTGTATGAGTATTTTTGCGGCATTTTTTTT
TGCCTTCC 

pbip52_11-44-V GTAACCACCACTTTTTACCCGCCGCGTAACGTGAGTTTTTTTTT
CGTTCCACTTGTTAAATCATTTTTGCTCATTTTT 

pbip52_11-52-E CGCTGCGCGGGCGCTGGCAAGTGTGCTTCAA 
pbip52_11-1457-
E 

TAATATTGATAACCCTGATAAATAGCGGTCA 

pbip52_12-308-V AACAAGAGTCCTTTTTACTATTAAAGCGTCTATCAGGTTTTTGC
GATGGCCC 

pbip52_12-328-E TGAGTGTTGTTGGCGAGAAAGGAAGGGAAGACGAGATAGGGT 
pbip52_12-318-E TCCAGTTTGGCCGGCGAACG 
pbip52_13-202-V TGGGGTCGAGGTTTTTTGCCGTAAAGTTTAGAGCTTGTTTTTAC

GGGGAAAG 
pbip52_13-210-E AAGTTTTTACTACGTGAACCATCATATTCTC 
pbip52_13-1147-
E 

AGAATGACGGTCGCCGCATACACCCCTAATC 

pbip52_14-360-V TTATAAATCAATTTTTAAGAATAGACAAGCGAAAGGATTTTTG
CGGGCGCTA 

pbip52_14-679-E CCTCCCGTCAGCACTGGGGCCAGAAATCGGC 
pbip52_14-368-E AAAATCCCTAACCAATAGGCCGATGGTAAGC 
pbip52_15-724-V GTGGGTCTCGCTTTTTGGTATCATTGATCGTAGTTATTTTTTCTA

CACGACG 
pbip52_15-263-E CGAAAAACAACGTGGACTCCAACGCTGGAGC 
pbip52_15-732-E CGGTGAGCTTATTGCTGATAAATTCAAAGGG 
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Appendix Table 8. Staples for 84-bp edge-length pentagonal bipyramid nanoparticle from 
phPB84 sequence. 
 
PB84_st1 GCGAAATTAGACAAAGCTTTAAACAAAATCTG 
PB84_st2 AAACTAAGCTTATATGTGTAAAAGGAACTGC 
PB84_st3 TATGCAAATTGCACTCTGAATCTGTCTATAC 
PB84_st4 CAGGTACGAGCTTTTTGAACGAAACCATAGAATCGGTTTTTTATCCA

AAGATCCGTGTATCATTTTTTAATTGTCCGA 
PB84_st5 GGGAAAACTCAAATCCTATCTGTGTTTCTTA 
PB84_st6 GACGTCAGTCATGATAATAATGGAAGAACCA 
PB84_st7 GGTTAATGGTGGCACTTTTCGGGGAAATGTGC 
PB84_st8 TGAGCTGGTTATTTTTCTAGGTACATCCGCATAAGTGTTTTTTTGTAG

AAAG 
PB84_st9 GTAGGAAGGTTAGAAGTTAGAAATTTTGACT 
PB84_st10 CGGGTGTACACCTGTATCGGCCTTCAAACGG 
PB84_st11 TTGCGCAGATCAGTACTATGCAGTAACCTCAG 
PB84_st12 GATAGTTATGATACTCTATGTTCGCCCGCATT 
PB84_st13 ATTCATTCATTTTTTTGTGCAATCCTCTAGATTAGAATTTTTGGCGTT

GTTT 
PB84_st14 CTATATTCACTTTAAAAGAAAAGAGGTTGATACGTATCTTCC 
PB84_st15 CCGCTCATGAAAGCATGGTAGCAAGTCGTTAA 
PB84_st16 TGACCCAAGAGACAATAACCCTGAATATGTAT 
PB84_st17 CCACGTGTAAGGATTAGTGACGTAACTCCCGG 
PB84_st18 GTTGGTTTCATGTTACTTGGTCAGTTATCGGA 
PB84_st19 GTGATAACGCACACGTCTGGCGGAAGAGAAT 
PB84_st20 TGTGTTGCAGGTTTTTTAGCGACAGTAAATATCTTCATTTTTCGACG

TAGCG 
PB84_st21 ATTCACAAGTCTGGCAATAC 
PB84_st22 CCCCAATCTCTTATTACCCTCGATTAGTCACA 
PB84_st23 GTCTATTAATATGTACCCCGGTTGGCGTCAGA 
PB84_st24 ATAATTATGGGTTCCCAGAGCTATCGAGATA 
PB84_st25 GGGTTGAGATCAAAAGAATAGACATTCTGAC 
PB84_st26 TATTAATAGAGAAGTGGCTAACGCTGACGGG 
PB84_st27 GAAAGCCGCCCCGATTTAGAGCTAAGCAAGA 
PB84_st28 AAGGGAGCGCGAACGTGGCGAGAAAGGAAGGG 
PB84_st29 GCGCCCGGTTGCGCTCCTGCAGCATACCTATG 
PB84_st30 ACAGGGCGCACTTTTTATTAATTGCGGTGGCTCAACATTTTTACAGA

GAATA 
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PB84_st31 GCGCCGCTCTGGCGAACTACTTACTCTAGCGCCGCGCTTAAT 
PB84_st32 CACGCTGCGCGTAACCACCACACCCTTCCCGG 
PB84_st33 CAACAATTAATAGACTGGATGGAGGTAGCGGT 
PB84_st34 GCGGATAAAGGCTGGCAAGT 
PB84_st35 GAAAGGAGCGGTTTTTGCGCTAGGGCTTGCAGGACCATTTTTCTTAT

GCGCT 
PB84_st36 AAGAAAGCGTAAAGCACTAAATCGGAACCCTA 
PB84_st37 GCCCTCCCGTATTTTTTCGTAGTTATGTTTTTTGGGGTTTTTTCGAGG

TGCC 
PB84_st38 CTAATCAACTACACGACGGGGAGTCAGGCGTGAACCATCACC 
PB84_st39 TCTATCAGGGCGATGGCCCACTACAACTATGG 
PB84_st40 ATGAACGAAATAGACAGATCGCTGAAAAACCG 
PB84_st41 AGATAGGTGCTCAAAGGGCG 
PB84_st42 TAAATCAGCTCTTTTTATTTTTTAACTAAAGAACGTGTTTTTGACTCC

AACG 
PB84_st43 TCCACTATCAATAGGCCGAAATCGGCAAAATC 
PB84_st44 CCTTATAATGTTGTTCCAGTTTGGAACAAGAG 
PB84_st45 ATTTTTGTCGTGAGTTTTCGTTCCACTGATAATTCGCGTTAA 
PB84_st46 CTCACTGATTATTTTTAGCATTGGTACTCATGACCAATTTTTAATCCC

TTAA 
PB84_st47 TTGATAATACTGTCAGACCAAGTTTACTCATA 
PB84_st48 TATACTTAAAAGGATCTAGGTGAAGATCCTTT 
PB84_st49 TTAATTTAAGATTGATTTAAAACTACTTCTG 
PB84_st50 GATGGTAACGGCCCTTCCGGCTGGCTGGTTTA 
PB84_st51 TTGCTGATGGTATCATTGCAGCACTGGGGCCA 
PB84_st52 CCCCGAAGAACTTTTTGTTTTCCAATCAACGTTGCGCTTTTTAAACT

ATTAA 
PB84_st53 AATGGCAAGATGAGCACTTTTAAAGTTCTGCT 
PB84_st54 ATGTGGCGGCGTGACACCACGATGCCTGTAGC 
PB84_st55 AACGACGACGGTATTATCCCGTATTGACGCC 
PB84_st56 GGGCAAGACGGAGCTGAATGAAGCCATACCA 
PB84_st57 CGGAGGACCGATTTTTAGGAGCTAACCTCGCCTTGATTTTTTCGTTG

GGAACGCAACTCGGTCTTTTTGCCGCATACA 
PB84_st58 TCATGTAACGCTTTTTTGCACAACGAGCGTG 
PB84_st59 GGTCTCGCAAATCTGGAGCCGGTATGGGGGA 
PB84_st60 ACAACGATAACACTGCGGCCAACTTTCATTT 
PB84_st61 CAGTCACAGAATTTTTAAGCATCTTAGCTGCCATAACTTTTTCATGA

GTGAT 
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PB84_st62 TATGCAGTCGGATGGCATGACAGTACATCTA 
PB84_st63 GTACTCACCTATTCTCAGAATGACGCATTTT 
PB84_st64 GCCTTCCTATTCCCTTTTTTGCGTTGGTTGA 
PB84_st65 AGAGTTTTCGAGTAAATTAC 
PB84_st66 ATCTCAACAGCGGTAAGATCCTTGATGCGATG 
PB84_st67 TGACCTTAAACGAATAGCCTCTCCCGAACTGG 
PB84_st68 AGGGGACGGGGTGCACGAGTGGGTTACATACCCAAGAGTTTG 
PB84_st69 AAAAGATGCTGTTTTTAAGATCAGTTACGACGAATTCTTTTTGACGA

AAGGG 
PB84_st70 GTGAAAGTGTATGAGTATTCAACATTTCCGTG 
PB84_st71 TCGCCCTTGTTTTTGCTCACCCAGAAACGCTG 
PB84_st72 CCTATTTGTTTTTTTTATTTTTCTAAAATAATATTGATTTTTAAAAGG

AAGA 
PB84_st73 TAAATGCTTCATACATTCAA 
PB84_st74 GCGGAACCCCTCGTGATACGCCTATTTTTATA 

 


