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Abstract 
 
 
 
DNA ORIGAMI AS A TECHNIQUE TO BUILD VIRUS ENGULFING SHELL 
COMPLEXES 
 
William Alexander Holland 
 
George Mason University, 2022 
 
Thesis Director: Dr. Remi Veneziano 
 
 
 

Deoxyribonucleic acid (DNA) is the molecule used by all living organisms to carry their 

genetic information and pass on their heritable traits between generations. DNA molecules 

have also other intrinsic properties that make them promising building blocks to assemble 

novel bio-nanomaterial. Within the realm of nanotechnology exists a subfield known as 

structural DNA nanotechnology that uses the DNA molecule as a building block to 

precisely assemble nanostructures with prescribed features. DNA origami is one of the 

most versatile techniques developed in the DNA nanotechnology field. Indeed, DNA 

origami is an assembly technique, which utilizes a single stranded DNA scaffold that can 

be hybridized by many short oligonucleotides called staple strands to fold the nanoparticle 

into any desired shape in the 10 to 100 nm scale. These nanoparticles can be made into any 

shapes including 2D arrays and 3D nanoparticles that can be used for drug delivery, vaccine 

development, and viral capture among other applications.  In addition, DNA is also easily 

functionalized with organic and inorganic molecules such as fluorophores and targeting 

moieties, which can be useful in visualization or tracking. The focus of this research is to 

leverage the advantages of DNA origami to design and assemble nanoparticles capable of 
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enveloping viruses based on their respective capsid’s geometry and glycoprotein 

organization as a novel viral therapy technique. In this investigation, the rabies virus is 

used as a model of target. If the structural parameters of the array and the organization of 

the capturing moieties match with those of the viral capsid, then the DNA array 

nanoparticles should possess the capacity to efficiently bind to the Rabies Virus. Here, I 

designed and synthetized multiple nanoscale designs that meet the viral parameters of the 

rabies virus using the Tiamat software. Agarose gel electrophoresis was used to validate 

proper folding of the DNA origami nanoparticles. In a second time, gold beads modified 

with streptavidin was used to mimic the virus and serve as proof of principle with 

biotinylated DNA nanoarrays. The binding was validated with dynamic light scattering 

(DLS) and zeta potential measurements that show increase in size and change in the surface 

charge matching with coverage with DNA. All of these tests indicated that the origami 

nanoparticle had successfully bound to the gold-streptavidin complex and is ready to be 

used with viral capsids
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Introduction 
 

DNA Overview 
 
 
 

Deoxyribonucleic acid (DNA) is the primary molecule used by all living organisms to 

pass on their heritable traits between generations [1-3]. DNA also encode proteins which 

manifest the phenotypic traits of organisms [3]. The Watson-Crick base pairing which 

occurs within DNA is responsible for the acquisition of the double stranded DNA form 

seen below in Figure 1. [4]. Double stranded deoxyribonucleic acid (dsDNA) are 

molecules constituted of two antiparallel single stranded DNA (ssDNA) molecules 

hybridized with base pairing into a double helix structure. Each single stranded DNA 

(ssDNA) chain are constituted of nucleotides composed of a nitrogenous base (Adenine 

(A), Thymine (T), Cytosine (C), and Guanine (G)), a deoxyribose group and a phosphate 

group. The two single strands run antiparallel to each other, and the nucleotides are linked 

via a phosphodiester linkage [1], [5]. Both of the strands of DNA have a 5’-phosphate end 

and a 3’-OH. The 5’ and 3’ ends refer to the carbon within a deoxyribose sugar where the 

5’ end binds directly to a phosphate group and the 3’ end binds to a hydroxyl group [1], 

[5], [6]. A visual representation of this DNA double helix can be seen below in Figure 1. 

These complementary antiparallel chains are hybridized together by pyrimidine and purine 

bases that form hydrogen bonds. These respective hydrogen bonds occur between the 

purines: adenine and guanine, and the pyrimidines: thymine and cytosine respectively [1]. 
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In canonical Watson-Crick base pairing, two of these hydrogen bonds connect the adenine 

and the thymine whereas three hydrogen bonds connect the guanine and cytosine which 

allots for the double stranded DNA structure [1], [7]. Purines, including adenine and 

guanine, are always bound via hydrogen bonds to pyrimidines which include thymine and 

cytosine respectively [1]. DNA can exist in single stranded DNA (ssDNA) or double 

stranded DNA (dsDNA) but the major form is double stranded in solution [8-9]. 

DNA molecules are generally found in the B-form. In this form, the distance between 

two bases is 0.34 nm [10]. The diameter of the DNA molecule is 2 nm [11]. Hydrogen 

bonds between Adenine and Thymine are 0.18 ± 3E-3nm in length and hydrogen bonds 

between Guanine and Cytosine are 0.186 ± 2E-3 nm in length [12]. DNA has the capability 

to acquire other structures such as aptamers as well as g quad and I motifs and possesses 

the ability to be functionalized which attribute its capacity to be modulated for different 

purposes [13-17].  
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Figure 1. Schematic of double stranded deoxyribonucleic acid (dsDNA) This figure includes labels 

for the sugar phosphate backbone and all of the nitrogenous bases including Adenine, Thymine, Cytosine, 
and Guanine in addition to indications of base pair linkages [18]. 
 
 
 

DNA origami 
 
 
 
DNA origami folding 

 
DNA nanotechnology is a specific subset of nanotechnology which pertains to the 

design and use of synthetic DNA nanostructures. This field of nanotechnology focuses on 

the intrinsic chemical and physical properties of DNA rather than their genetic properties 

[19-24]. Within the realm of DNA nanotechnology research exists the DNA origami 

technique. DNA origami is a folding technique, which facilitates the fabrication of 1, 2 and 
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3-dimensional, DNA molecules with features that are precise to the nanometer [25-28]. 

These nanoparticles generally are assembled with a long ssDNA which acts as a scaffold 

to facilitate their design and assembly [29-30]. The main ssDNA that is used in these 

designs is a long bacteriophage-derived circular DNA molecule known as M13mp18 that 

has been historically used to fold DNA origami [13], [19], [31-33]. The ssDNA of the 

M13mp18 measures 7249 b in length [34] The DNA origami technique was invented by 

Paul Rothemund in 2006 at the California Institute of Technology. Rothemund’s initial 

goal was to develop a new technique for the ‘bottom-up fabrication’ process where 

molecules and atoms self-synthesize to produce nanostructures of relative simplicity [19]. 

Rothemund’s new technique aimed to utilize the self-assembly of DNA molecules to 

synthesize nanostructures of higher complexity relative to these earlier methods that yield 

only a molecular composition with repeated motifs (DNA tile assembly). Rothemund 

ultimately succeeded in this task of synthesizing DNA nanostructures with modified 

conformations to yield larger assemblies constituting triangular hexamers and longer 

periodic lattices [19]. DNA origami itself, is a nanoscale folding technique designed to 

synthesize nanostructures which can range between tens of nanometers to even hundreds 

of nanometers. The size can be even extended when assembling multiple structures 

together [35]. DNA origami nanostructures can be synthesized from short and synthetic 

oligonucleotides or from elongated genetically engineered single stranded DNA (ssDNA) 

or a blend of both methods [36]. The scaffold DNA strand can be produced via 

bacteriophage Preparation or via enzymatic method to tailor the size and the sequence [37]. 

Another advantage of using DNA origami nanoparticles is that they are inherently 
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biocompatible [38]. Since the DNA origami technique relies on folding a ssDNA strand 

with excess of staple strands the yield of properly folded nanostructures generally exceed 

those of other assembly techniques [39]. DNA origami often yields high concentrations of 

desired nanostructures as this technique only requires the use of a single DNA scaffold and 

excess DNA staples which minimizes the potential for missing strands [40]. Due to this 

use of a single DNA molecule scaffold, DNA origami objects have enhanced stability as 

the single DNA strand routes through the entire origami network [40-41]. Some more 

recent studies have specific processes used for the folding of DNA origami nanostructures 

and their respective purification. Since the size or origami nanoparticles is limited by the 

size of the scaffold that is commercially available, other assembly designs are of interest 

[29]. In one study DNA origami nanostructure folding was completed through the 

incubation of 5 nM of DNA miniscaffolds and 25 nM of DNA staples strands, 12.5mM 

MgAc2 and 1x TAE buffer. In this experiment, a buffer with a concentration of 45 mM of 

boric acid, 45mM of tris base 1mM EDTA at a pH of 8.0 was used for extraction of the 

DNA origami nanoparticles from agarose gel. This solution was then annealed followed 

by its respective purification with Amicon centrifugal filters or gel purification. This study 

demonstrated the DNA origami nanoarrays’ capacity for the exposition of enzyme cascade 

structure and function as well as enzymatic molecular recognition [42].  DNA origami can 

also be mass-produced through the use of bacteriophages to synthesize single stranded 

precursor DNA [26]. The single stranded precursor DNA uses target strand sequences 

containing self-excising cassettes constituting two Zn2+ reliant DNA-cleaving DNA 

enzymes [26]. These cassettes are required to produce ssDNA in a manner that is scalable 
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and economical [26]. After all of the required ssDNA is synthesized in shaker flask cultures 

containing basic growth medium consisting of 5mM of MgCl2, 50 µg ml-1 of kanamycin 

and a choice of either 30 µg ml-1 chloramphenicol or 50 µg ml-1 carbenicillin [26]. The 

ssDNA is made to form into DNA origami nanorods using a litre-scale stirred-tank 

bioreactor [26]. 

DNA origami has also been used in a process known as DNA origami placement 

(DOP).  DNA origami placement (DOP) is a technique for synthesizing functional 

nanodevices such as nanoarrays through large-scale assimilation into random glass 

substrates by combining two techniques including DNA origami and top-down 

lithography, the latter of which creates patterns with DNA nanostructures. More recently, 

a method to synthesize meso- to macro-scale DNA origami nanoarrays has been 

demonstrated by using self-assembled colloidal nanoparticles, thus no longer necessitating 

the top-down synthesis which would otherwise require highly trained personnel and state 

of the art infrastructure [43]. Figure 2. Provides an extensive visual aid for DNA origami 

nanoparticles and their assembly processes including a more extensive view of the DNA 

molecule in Figure 2a., a detailed depiction of the basic DNA origami folding and 

assembly process in Figure 2b., another example of a DNA origami shell complex in 

Figure 2c. As well as two different DNA origami assembly techniques shown in Figure 

2d. One of these techniques mentioned in Figure 2d. is known as tile-based wireframe 

origami in which a scaffold DNA strand is not used and instead single stranded ‘tiles’ are 

used to synthesize DNA nanoparticles upon tightly packed lattices [44-45]. 
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Figure 2. DNA Origami Design and Assembly a. A detailed representation of the structure of a DNA molecule 
including an artistic representation on the left to provide a sense of scale and orientation of the object on the right 
within the molecule. b. an example of a DNA origami assembly process to exemplify the customizability of the 
nano structure with steps listed. C. an icosahedral shell DNA origami nanoparticle d. A representation of two 
different DNA origami assembly techniques including 1. Tile-based Wireframe DNA origami and 2. Scaffolded 
Wireframe DNA origami [45], [46-48].  

 
 
 
DNA origami applications 
 

DNA origami has been used for several biomedical applications including the use of 

nucleic acid biomarkers for pathogen detection [36] and for fighting pathogens by 

producing the required ligand patterns on modified DNA nanoarchitectures [49]. One such 
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study which focused on pathogen detection used DNA nanostructures that used alpha and 

beta DNA hairpins to identify a target DNA strand by binding to the leading hairpin and 

thus initiating a cascade of hairpin openings initiating dendrimer formation. This same 

method was later utilized for the detection of viruses such as chlamydia and HIV [50]. The 

alpha and beta hairpins used in this experiment were two separate, manually designed 

sequences designed to accommodate the secondary hairpin structures necessary for the 

hybridization chain reaction (HCR) method [50]. Star shaped DNA nanoparticles were 

used to combat viruses functionalized with five molecular beacon-like motifs used for this 

viral detection process. The result of this study indicated that not only was this star 

conformation DNA nanoparticle a powerful inhibitor of the virus but could also report its 

own binding to the virus with the use of a fluorescent output and thus be used for viral 

detection [49]. Other uses for DNA origami include its use as a vaccine by organizing 

immunogens on DNA origami nanoparticles at specific distance intervals to maximize 

immune response. Specifically, a recent study utilized this vaccine method by organizing 

immunogens into specific pattern and with controlled stoichiometry on viral like DNA 

origami nanoparticles allowing for modulation of B cell activation [46] An issue however, 

with this type of assembly may arise from the EDTA chelating with the Mg2+ ions which 

would otherwise be stabilizing the DNA origami complex [51].  
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Figure 3. Icosahedral Shell Complexes at Increasing Triangulation Numbers (a-f) The T values 
shown throughout the figure represents the triangulation number which normally describes an icosahedral 
capsid’s number of distinct regions occupied by proteins a. Cryo-Electromagnetic micrographs displaying 
synthesized icosahedral DNA origami shell complexes within samples of free-standing ice. (b-e) Subunits 
of icosahedral DNA origami shell complexes and their adjacently placed respective fully assembled 
counterparts. b. Small octahedral container O. c. Triangulation number =  1. D. Triangulation number = 
3 e. Triangulation number = 4 [35]. 

 
 
 

One technique that has been used in prior research to synthesize DNA origami 

molecules that are large enough to engulf entire viruses is the Ultraviolet Point Welding 

Technique. The Ultraviolet Point Welding technique synthesizes a covalent bond between 

molecules allotting for the assembly of larger DNA origami nanoparticles. [35], [52] DNA 

Origami also represents a potential candidate for designing viral nets which are 

nanoparticles possessing a “net-like” conformation made explicitly for the purposes of 
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enveloping a virus. For instance, Figure 3. Depicts DNA origami shell complexes which 

are origami nanoparticles folded in a pattern such that they possess the capacity to engulf 

viruses [35]. 

Geometry of Virus 
 
 
 
Viral Overview 

Viruses are among the most common agents of disease in all organisms [53-55]. 

Despite a wealth of information resulting from decades of viral research, there are still 

many viruses for which efficient therapeutic strategies do not exist which necessitates 

newer, more effective approaches. Identifying physical characteristics of the virus may be 

integral to these newer treatments. Viruses often consist of capsids which protect their 

nucleic acids from the environment and facilitate uptake by target cells [54], [56-57]. Some 

of these viral capsids even include a membrane which surrounds them which is derivative 

from the cells that the viruses had escaped from. Most viruses are composed of either a 

helical capsid encasement or an icosahedral capsid encasement with few exceptions [58]. 

An icosahedron is a geometric shape which consists of 20 equilateral triangle faces [54]. 

These can be seen below in Figure 4. Surface Icosahedral capsids are approximated using 

the formula T = h2+hk+k2 where T represents the triangulation number which represents 

the of separate regions occupied by proteins and where h and k signify the integer 

coordinates of pentamers in a hexagonal lattice [35]. The triangulation number itself 

number of separate regions occupied by proteins [35]. 
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Figure 4. Viral Encapsulation and Net Projection. A. The encapsulation of a virus by an 
icosahedral shell DNA origami complex. b. depiction of the triangular net projection of the 
icosahedral shell [35].  

 
 
 

Helical capsid encasements by contrast, consist of a coiled nucleic acid in a helical 

conformation which is surrounded by capsid proteins either outside or inside the nucleic 

acid molecule to form a rod or even a tube-like shape [58]. Helical viruses come in two 

varieties, naked or enveloped. Most animal helical viruses are of the enveloped variety and 

include viruses such as rabies in addition to many other common viruses such as mumps 

virus, Ebola virus, measles virus, and influenza virus [58].  

Rabies Virus 
 
Rabies belongs to the order Mononegavirals [59]. Mononegavirals are viruses that are 

non-segmented and include negatively-stranded RNA genomes [59-60]. Within the 

Mononegavirals order consists of the Rhabdoviridae family, which are a distinctly bullet 

shaped viruses) [59-61]. Within the Rhabdoviridae family, there are three groups of viruses 
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consisting of the Vesiculovirus, Ephemerovirus, and the Lyssavirus, the last of which is 

the genus, which includes the rabies virus [59-60]. The Rhabdoviridae family all have 

dimensions of roughly 180 nm in length and 75 nm in width. In the specific case of the 

rabies, its genome encodes five different protein types consisting of nucleoproteins, 

polymerase, glycoproteins, matrix proteins, and phosphoproteins. Rhabdoviruses all 

consist of two separate elements including the surrounding envelope and the 

ribonucleoprotein (RNP) core within [59-60]. 

 
 

 
Figure 5. Rabies Virus Side View. A representation of the Rabies virus including its respective 
arrangement of the membrane envelope, matrix proteins, glycoproteins, viral RNA and ribonucleoproteins. 
The ribonucleoprotein exemplified in this diagram consists of a nucleoprotein that is encasing the RNA 
within the viral capsid. 
 
 
 

The rabies virus is transmitted through the bite of an infected mammalian host animal 

host to a new and non-infected mammalian host [59], [62]. The rabies virus can also spread 
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between different mammalian organisms and for this reason it is considered a zoonotic 

pathogen [62]. This disease progresses through the nervous system of a mammalian body 

into its brain causing the development of disease symptoms. The disease manifests in 

mammals and while most cases reported to the Center for Disease Control CDC tend to be 

wild animals such as bats or raccoons, any mammal has the potential for infection [59]. 

Rabies causes a confirmed annual count of 60,000 human deaths every year [63]. Nearly 

all of these global cases are due to canine vectors [64]. Although, many cases in the United 

States are transmitted through chiropteran (bat) vector [65]. Post to the manifestation of 

symptoms, the rabies virus is almost 100% fatal with few exceptions [62]. 

 
 

 

 
Figure 6. Rabies Virus Cross-Sectional View. In this diagram, the matrix proteins, membrane 
bilayer, Ribonucleoproteins and DNA are displayed in layers going from the outermost to the 
innermost components of the virus respectively [59]. 
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Rabies virus, like other Mononegavirals, is bullet shaped as seen in Figure 5, but 

includes 10 nm rod shaped glycoproteins on its surface. The ribonucleoprotein which is 

depicted in Figure 6 consists of Ribonucleic acid (RNA) encapsulated in a nucleoprotein 

[59].  

Since the Rabies virus is nearly 100% fatal post to the incidence of symptoms, new 

treatments utilizing DNA origami, specifically in its use for viral capture, may be required 

to combat the disease [62]. DNA nanoparticles can be modified with rabies virus 

neutralizing antibodies (RVNAs) [66]. Serology tests have revealed that many 

unvaccinated but uninfected mammals are capable of producing these antibodies naturally 

within their sera. While significant presence of these antibodies has been reported in 

canines in regions of the world where the viral outbreaks are more prevalent, RVNAs 

recorded in humans seem to be more uncommon [67]. While this antibody has been tested 

in the past, there are other, more recent targeting moieties to consider when engaging the 

subject of rabies. One such example is RVC20, which is another targeting moiety for rabies 

and is considered to be one of the most effective rabies antibodies to date. RVC20 

specifically binds to the glycoproteins of the rabies virus [68]. This experiment will be used 

as a proof of principle for the design of the newly introduced nanoparticles.  
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Purpose of project 
 
 
 

The overarching goal of this investigation is to develop a DNA origami flexible and 

tunable shell complex that is capable of engulfing and participating in the destruction of 

the rabies virus by the immune system. We will optimize the design of this complex based 

on the structural and biochemical properties of the Rabies virus including the size and 

shape of its capsid and the glycoproteins found on surface of this capsid. These parameters 

will be considered in addition to the constraints in the size and geometries of the DNA 

nanoparticles accessible. This investigation also seeks to provide a versatile method to be 

applied to any virus.   
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Hypothesis 
 
 
 
If we use the geometrical features of the rabies virus to design DNA nanoparticles with 

a matching surface area and shape of the rabies virus, then the DNA origami shell complex 

using a single mesh instead of a large assembly should have the capacity to engulf the entire 

virus. By adding specific targeting moieties that can bind the rabies capsid glycoprotein 

peplomers we should be able to increase the binding avidity and lock the DNA origami 

shell complex onto the rabies virus.  
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Specific Aims 
 
 
 

Aim1:  Design of a DNA origami flexible shell for virus capture. 

In this aim we will design a DNA nanoshell that is large enough and flexible enough 

to engulf an entire rabies virus. We will also define the location of the targeting moieties 

on the DNA origami shell complex to match with the organization of the glycoprotein on 

the surface of the rabies virus. 

Aim 2: Assembly and characterization of the origami nanoshell. 

In this aim we will assemble and characterize our DNA origami arrays before their 

functionalization with targeting moieties. Characterization of the nanostructures will be 

performed with agarose gel electrophoresis and binding characterization will be completed 

using gold-streptavidin nanoparticles with biotin as a capture molecule. As a proof of 

principle, we will try to capture these complexes using the origami arrays. In addition, 

dynamic light scattering (DLS) as well as zeta potential readings will be used in the 

characterization of the DNA origami binding to the gold-streptavidin complex. 
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Methodology 
 
 
 

Viral capsid parameters used to design DNA arrays 
 

The first objective was to study the structural features of the rabies virus capsid and 

determine important factors such as the surface area, the viral geometry, and the specific 

spike proteins and their organization on the surface.   

The dimensions of rabies are a length of 180 nm and a width of 75 nm and consists of 

a total of 12 kb [59]. Since the length of a base pair is roughly 0.34nm, this meant that the 

maximum amount of DNA in nanometers that could be used was 0.34nm x 7,249 = 

2464.66nm [10]. Since the virus is bullet shaped, this meant that a fair approach to covering 

the surface area of the viral capsid was to combine surface areas of the rounded outer half 

sphere and a cylinder subtracted by the surface area of one of its faces to get the appropriate 

shape. The rounded outer surface area of half a sphere was (SA = 2πrh) where the h (height) 

was calculated into the length of the virus and the r (radius was calculated into its width. 

The outer surfaces of a cylinder subtracting one of its faces was (2πrh+πr2) where the 

variable r was counted the same way as they were in the half sphere and the h represented 

the section’s length. Assuming the rounded end of the viral capsid was one sixth the total 

length of the capsid, this left us with �180𝑛𝑛𝑛𝑛
6

� = 30𝑛𝑛𝑛𝑛. It followed that the remaining 

length of the cylindrical portion of the capsid was 150 nm. Since the radius is one half the 

diameter this meant that our viral width should be divided by two: 𝑟𝑟 = �75𝑛𝑛𝑛𝑛
2
� = 37.5𝑛𝑛𝑛𝑛. 
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The surface area of the outer rounded portion of the half sphere was concluded to be: 

2π(37.5nm)(30nm) = 7068.58𝑛𝑛𝑛𝑛2. The surface area of the cylinder subtracted by one 

side was concluded to be 2π(37.5nm)(150nm) + π(37.5𝑛𝑛𝑛𝑛)2 = 39760.78𝑛𝑛𝑛𝑛2. The 

total surface area was determined to be: 7068.58𝑛𝑛𝑛𝑛2 + 39760.78𝑛𝑛𝑛𝑛2 = 46829.37𝑛𝑛𝑛𝑛2. 

 

The viral capsid also contains 400 glycoprotein peplomers on its viral surface each 10 

nm in length [59]. The streptavidin on the surface of the gold nanoparticles used in the 

characterization process would account for these peplomers in later stages of the 

experiment. A generalized representation of the experimental design can be seen in Figure 

7-8. Figure 9 shows a detailed view of these glycoprotein peplomers on the surface of the 

viral capsid with a cell membrane derived envelope surrounding the capsid.  

Design 
 
 
 

The FreeCAD software was used to assist in design of the array nanostructure as well 

as an approximation of the viral capsid [69]. These designs were created using the same 

dimensions calculated from the preliminary results. MeshLAB and MeshMixer software 

were used in the design of a viral capsid [70-71]. This mesh design was meant to be 

submitted into various software programs such as Daedalus, Perdix, and Metis. [25], [72]. 

These designs can be seen in Figure 10.    

Tiamat software was used in the design of the nanoarray as well as the nanotube 

designs. This software was ultimately used to design the nanostructures, which would be 

synthesized and characterized in the lab. Tiamat software is used to create 2 dimensional 
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and 3 dimensional representations of DNA nanostructures. Tiamat software can also be 

used to create ssDNA as well as dsDNA designs which can be used in conjunction to design 

DNA origami nanoparticles. The dsDNA designs in particular, can be used to design 

junctions to hold the nanoparticles together whereas the ssDNA designs can be used to 

create the more flexible regions of the designs, which link these junctions together and 

increase the capacity of our structure to match the shape of viruses. 

Assembly of DNA Nanoarrays 
 
 
 

The shape and general molecular structure of the Rabies Virus in addition to the 7,249 

bp limit was used to determine and optimize the size and molecular structure of this 

scaffold. DNA origami folding were carried via the classic method of folding called 

annealing. First, the ssDNA oligonucleotides (called staples) and the DNA scaffold were 

combined into a reaction tube at a molar ratio of 10:1 (to ensure proper folding) with a 

folding buffer into the desired nanostructure using a thermocycler and a long annealing 

protocol (90°C to 4°C overnight). The folding buffer consisted of 12 mM MgCl2, 2 mM 

EDTA, 40 mM Tris- Acetate at a pH of 8.0 [25]. This mixture was then microwaved for 

approximately 3 minutes and shaken intermittently until the agarose is completely 

dissolved. 7 µL of ethidium bromide (10 mg/mL) was then added and mixed into the 

solution within the flask. This solution was then poured into the casting tray and a 10 well 

comb was attached to the respective tray on its thinner edge. The agarose gel mixture was 

then then allowed to sit for 20 minutes to polymerize before being refrigerated. 
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Calculations were made to obtain the appropriate volumes of scaffold, staple, and 

folding buffer required for the appropriate concentrations of a total volume of 50 μL.  The 

final volumes required for the appropriate concentrations of staple DNA, scaffold DNA, 

and folding buffer were calculated algebraically. The initial scaffold concentration used 

was 100 µM. A calculation using the equation listed above was used to determine the 

volume required to obtain the proper concentration of scaffold to be used in the experiment. 

The initial staple concentration was 4,710 nM. A similar calculation was performed to 

determine the volume required to obtain the proper staple strand concentration as well. The 

concentration of DNA origami nanoparticles present in folding buffer was fixed between 

20-50 nM . After these volumes were determined, they would all be added together and 

subtracted from 50 μL to determine the total volume of water required in the assay.  

Concentrations and volumes for the ssDNA scaffold, staple strand DNA, and folding 

buffer were each determined using the equation 𝐶𝐶𝑖𝑖𝑉𝑉𝑖𝑖 = 𝐶𝐶𝑓𝑓𝑉𝑉𝑓𝑓 where 𝐶𝐶𝑖𝑖 represents the initial 

concentration, 𝑉𝑉𝑖𝑖 represents the initial volume, 𝐶𝐶𝑓𝑓represents the final concentration, and 

𝑉𝑉𝑓𝑓 represents the final volume. The initial concentration of the scaffold DNA was 100 nM. 

10 μL of scaffold DNA was used to obtain the ideal proportion of scaffold DNA. The initial 

concentration of staple strand DNA was 4,710 nM. 2.12 μL of staple DNA was used to 

obtain the ideal proportion of scaffold DNA. The folding buffer is concentrated by 10x to 

make it easier to use and ensure formulation in a real 1x folding buffer. The volume 

required to obtain the appropriate concentration of the folding buffer prepared at a 10X of 

the final concentration was determined to be 5 μL. These volumes were subtracted from 

50 μL to obtain 32.88 μL, which was the total volume of water required in the assay.  
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Purification and characterization 
 
 
 
The folded structures were then purified using centrifugal filtration with Amicon filter 

that have a cutoff of 100 kDa at 11,000 revolutions per minute (rpms) for 3 wash cycles to 

remove the excess of staple strands. The correct folding of the structure was verified with 

agarose gel electrophoresis. The percentage of agarose used in the electrophoresis was 

0.7%.  
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Figure 7. Simplified Experimental Design and Targeting Moieties. A. Same as shown in Figure 5. This 
image exemplifies the viral capsid prior to binding with the RVC targeting moieties on the array.  B. Same 
figure as shown in a. but displays the idealized experimental design including DNA origami shell, antigens 
lining exterior of origami shell, and the targeting moieties which will bind to the glycoprotein peplomers 
assisting in the capture of the virus. c. represents a simplified model of the experimental design but with the 
inclusion of a DNA nanobead lined with Rabies glycoprotein peplomers seen in b. d. is a representation of 
the vesicular stomatitis virus (VSV) which is related to the rabies virus in the prefusion and post fusion states 
with the RVC 20 antibody attached to domain III in the prefusion state [68].  

 
 
 

Capture Process as Proof of Principle 

 

Biotin was used as an adhesion molecule. Targeted staples containing the attachment 

groups will be located at specific positions on the DNA nanostructure to fold it into the 

appropriate conformation.  The combined staple-scaffold DNA nanostructure was assayed 
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with Biotin to adhere to a gold streptavidin complex (DNA-NP-Au-Strep). An example 

formula for these respective processes using DBCO is as follows: 

 
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑠𝑠𝐷𝐷𝐶𝐶𝐷𝐷(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) +  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) → 𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑠𝑠𝑁𝑁 − 𝑠𝑠𝐷𝐷𝐶𝐶𝐷𝐷 

𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑠𝑠𝑁𝑁 − 𝑠𝑠𝐷𝐷𝐶𝐶𝐷𝐷 + 𝐷𝐷𝐵𝐵𝑠𝑠𝑠𝑠𝐵𝐵𝑛𝑛 + 𝑠𝑠𝐴𝐴 − 𝑆𝑆𝑠𝑠𝑟𝑟𝑠𝑠𝑠𝑠 → 𝑠𝑠𝑠𝑠𝑠𝑠 −𝑠𝑠𝑁𝑁 − 𝐷𝐷𝐵𝐵𝑠𝑠𝑠𝑠𝐵𝐵𝑛𝑛 − 𝑠𝑠𝐴𝐴 − 𝑆𝑆𝑠𝑠𝑟𝑟𝑠𝑠𝑠𝑠 
 

The equation shown above represents the single stranded scaffold DNA (ssDNA-

scaffold) attaching to the staple strands (ssDNA-DBCO(staples)) to synthesize the origami 

nanoparticles. One folded these nanoparticles are added to an assay of Biotin and gold 

streptavidin complexes. Once added to this assay, the origami nanoparticles engulf the gold 

streptavidin complexes with the assistance of the Biotin adhesion molecule. 

 

 
Figure 8. Simplified Design + Array Folding. This simplified ideal design model exhibits the viral capsid 
encapsulated by the DNA origami complex as well as the folding process for the DNA origami array around 
the functionalized nanobead. The Viral capsid represents a cross sectional view depicting the viral RNA, 
ribonucleoproteins, viral capsid and glycoproteins on the capsid surface. The next image represents the same 
cross-sectional view engulfed by the DNA origami array complex which has been functionalized with antigen 
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as well as RVC 20 targeting moieties. The images shown in the folding process depict a DNA origami array 
that has been functionalized with the same RVC 20 targeting moieties indicated by brown dots in the first 
image and by brown crescents in the folded images. The Recognition molecules in all array images seen are 
indicated with red dots. The final folded array image depicts the RVC 20 targeting moieties binding to the 
glycoprotein peplomers on the functionalized nanobead surface. Standard agarose gel electrophoresis was 
used to determine proper folding of the array as can be seen in Figure 13.  
 
 
 

DLS and Zeta potentials to validate capture 
 
 
 

Gold-streptavidin nanoparticles, 100 nm in diameter were used as a target for the 

characterization of the array as proof of principle regarding the array’s capacity to bind to 

the viral capsid. The polydispersity index (PDI) was used to confirm the heterogeneity of 

the samples used.  Tests were performed using a zetasizer nano ZS device obtained from 

Malvern Panalytical. With this device we used the dynamic light scattering technique 

(DLS) to detect a change in the diameters of gold nanoparticles as a means of assessing the 

characterization of the nanoarray designs. This test was done as a part of the 

characterization process as proof of principle to indicate whether or not there was a binding 

occurred between the DNA origami array and the gold nanoparticles.  

Another test using the zetasizer nano device was performed to determine the zeta 

potentials, changes in surface charges based on counter ions which occur at the slipping 

plane where fluid adjacent to a surface meets a mobile fluid [73-74]. In this study, these 

potentials were used to examine the charge across the surface of the gold-streptavidin 

nanoparticles. Zeta potentials are an important tool to be used in the characterization of 

polymers especially in a biomedical setting [74]. These zeta potentials measure the 

electrostatic voltage barrier between the thin layer of counterions adjacent to a solid surface 
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and the counter ions located just outside this layer [74].  Zeta potentials were tested to 

examine a difference in charge between the control group including the gold-streptavidin 

complex and the experimental groups consisting of the gold-streptavidin complexes both 

with and without biotin, and the origami array particles. Binding of these origami array 

nanoparticles to the gold-streptavidin complexes were tested based on a change in the 

charge of the gold-streptavidin complexes. This step was made intuitively as it is known 

that the DNA origami nanoparticles possessed negative charge and thus a decrease in the 

charge of the gold-streptavidin complexes would indicate their binding to these origami 

nanoparticles.  
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Results 
 
 
 

Aim1:  Design of a DNA origami flexible shell for virus capture. 
 
The objective of this aim was to obtain data regarding the viral capsid as to create DNA 

origami nanostructure designs with matching parameters. 

Determination of the structural parameters of the viral capsid 
 

The surface area of the viral capsid was calculated using the parameters for length and 

width of the viral capsid of 180 nm and 75 nm respectively. The rounded outer surface of 

a half sphere was used to determine the dome edge of the viral capsid using the equation 

SA = 2πrh where r represents half the width of the viral capsid and h represents one sixth 

of its total length. The remainder of the viral capsid’s surface area was calculated using the 

equation SA = 2πrh+πr2, where r represents half of the viral capsid’s width and h represents 

five sixths of the viral capsid’s length. Given the assumption on the sectional height of the 

viral capsid the total surface area was determined to be 46,829.4𝑛𝑛𝑛𝑛2. 
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Designs 
 
 
 

CAD design 
 

A FreeCAD design of the viral capsid seen in part a. of Figure 10. was created in 

FreeCAD software to match the dimensions determined in the preliminary results. An array 

design seen in part b. of Figure 10. was also made in FreeCAD to match these same 

dimensions but with a length and width which was 20 nm larger to account for the length 

of the glycoprotein peplomers and leave enough space for the array to engulf the capsid in 

addition to its peplomers. Since the total area of the viral capsid was found to be 46829.37, 

the square root of this surface area was taken and determined to be 216.40nm. 20 nm was 

added to this square root of the total surface area to get 236.40 nm. This value was squared 

to get the total surface area of the array design at 55,885.40 nm2. The x and y coordinates 
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of the array were rounded up to 238 nm with square iterations of 23.80 nm in both length 

and width. Part c. of Figure 10 displays an artistic representation of the Rabies viral capsid 

as to draw comparison between the CAD design shown in part a. and the mesh design 

shown in part d. of Figure 10 This image in part c. also partly serves as a model for the 

other designs shown in Figure 10.  The image in part d. of Figure 10 was a mesh 

representing the viral capsid and was designed using the same relative mathematical 

proportions to that used in the CAD design in part a. but using meters instead of nanometer 

units as the Meshlab and MeshMixer programs did not allot for this. This mesh design 

initially was to be used to submit to database as a means for developing the nanoparticle 

but due to issues potentially concerning edge length, database, or the dimensions of the 

mesh itself, the file was not recognized by the respective database.   
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Figure 10. CAD and Mesh Designs a. DNA nanoparticle design beginning with a FreeCAD based 
representation of the target geometry including its respective viral capsid dimensions of a cylindrical length 
of 150 nanometers and a half-sphere length of 30 nanometers with a uniform radius of 37.5 nanometers. b. 
Nano-scale array also developed in FreeCAD. The array consists of a larger surface area than that of the rabies 
viral capsid (46829.4 nanometers). The side lengths have been increased by 20 nanometers to yield a larger 
total surface area of 55885.4 nanometers as to account for length ad size of the glycoprotein peplomers on the 
capsid’s surface. The array’s total surface dimensions were rounded up to 238 x 238 nanometers to create an 
even grid. Each individual square is 23.8 x 23.8 nanometers as to create a grid containing exactly 100 squares 
to ensure a side length of 200. c. A representation of the Rabies virus including its respective arrangement of 
the membrane envelope, matrix proteins, glycoproteins, and ribonucleoproteins. The ribonucleoprotein 
exemplified in this diagram consists of a nucleoprotein that is encasing the RNA within the viral capsid. d. A 
mesh meant to represent the rabies viral capsid as in a. [59]. 
 
 
 
TIAMAT Array design  
 

The array design was successfully designed using the Tiamat software. Examples of 

designs generated from this Software can be seen in Figures 11-12. The array measured 

120.70 nm in length, 215.22 nm in width, with a depth of 2 nm. The arm of each junction 

seen in this array design measures 10.54 nm as can be seen in Figure 11 a-b. e.-f. The single 

strands between the junctions shown in the array design measure 21.08 nm. This array 
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design consisted of a total of 15 junctions and all of the DNA represented in green. 

represented one molecule of DNA as the design intended. The array design was 

successfully synthesized in the lab and its folding was verified. This design was ultimately 

selected for characterization with the gold-streptavidin nanoparticles. 

 
 

 
 
Figure 11. Tiamat Array Design. DNA origami array produced in Tiamat. This model represents a single 
DNA origami scaffold containing staple strands at each junction a. a 2-dimensional representation of a 
DNA origami array in the xz plane with an area of 25977.05 nm2. b. a 3-dimensional representation of the 
DNA origami array mentioned in a. c. a 2-dimensional representation of the DNA origami array mentioned 
in a. in the yz plane. D. a 2-dimensional representation of the DNA origami array mentioned in in the yx 
plane D. e. Close up of b. located at the crux between the double and single stranded DNA in the origami 
complex. f. closeup of one of the staple strands found in b.  
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Tiamat Nanotube Designs 
 

DNA Nanotube particles were designed as an alternative to the arrays as a means of 

binding to the gold-streptavidin complexes. Three nanotube designs were successfully 

developed using Tiamat software. The ideal method for these designs would have been for 

the viral capsid to pass through the tube and the targeting moieties to attach to the viral 

capsid’s glycoprotein peplomers. The dimensions of these nanotubes, once developed in 

Tiamat, varied greatly. The first of these nanotube designs had a width of 61.2 nm and a 

length 217.60 nm. The next design had a width of 42.5 nm and a length of 217.60 nm. The 

final nanotube design had a width of 72.08 nm and a length of 170 nm. Had the nanotubes 

been synthesized in the lab, it is likely that a characterization process using gold-

streptavidin complexes and biotin would have been implemented. 
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Figure 12. Tiamat Nanotube Designs. Three separate nanotube designs were created as an alternative to 
the DNA origami array approach. This design aimed for the viral capsid to pass through these nanoscale 
DNA assembles. On each nanotube exists a DNA junction held together by a scaffold strand. These are 
represented by the large cross like structures composed of dsDNA. Each nanoparticle type has a different 
number of these junctions either in the number of junctions in their columns or the number of junctions in 
rows on the designs. The nanotube designs included item a. which consists of 9431 base pairs, four junctions 
running along its length, and five junctions running along its diameter. Item b. consisted of 6750 base pairs 
and 3 running along its length and 5 junctions running along its diameter. Item c. consisted of 9040 base 
pairs, 5 running along its length and 3 junctions running along its diameter. 
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After designing the array and nanotube nanoparticles, the experiment moved into its testing 
phase. 
 

Aim 2: Assembly and characterization of the origami nanoshell. 
 
 
 

This section’s focus was to demonstrate the appropriate folding technique of the DNA 

origami scaffold with the use of DNA staples in addition to a folding buffer. The other 

focus of this section was to explain the validation process in determining if proper folding 

of the nanoarray and attachment of the nanoarray to the streptavidin complex were 

achieved. 

Folding of the DNA nanoarrays 
 
 
 

The nanoparticles were folded with 10x excess of staples strand to ensure correct folding 

with a concentration of the scaffold of 20-40 nM and in buffer TAE 1X following the 

annealing protocol determined in Veneziano et al 2016 [25].  

Characterization of the DNA origami folding 
 

The gel electrophoresis was conducted with the standard agarose gel electrophoresis 

technique in which a gel casting tray was assembled with tape and gaskets to hold the tape 

in place.   
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Figure 13. Folding of Nanoarrays. Agarose gel electrophoresis showing the correct folding of the 
nanoarrays as indicated by a shift in the molecular weight of the DNA as indicated by a change in the bands 
from the scaffold lane shown on the far left two the two folded array structures with staple strands in the 
middle and the right lanes.  
 
 
 
The left lane bands shown in Figure 13 represents the nanoparticles with fewer staple 

strands as with more ssDNA motifs, the greater the molecular weight of the nanoparticle. 

The molecular weight of the scaffold without staples appears slightly less than that of the 

columns. Both lanes show a defined single band and a higher molecular weight than the 

scaffold shown in the most left column. The lower bands on the middle and final column 

are the excess of staple strands used to fold the nanostructures. This first image shows 

correct folding of the nanostructures and the presence of a monodisperse population of 

nanoparticles. The gel shown in Figure 13. demonstrates the successful binding of the 

staple strands to the scaffold and the respective folding of the nanoparticles.   
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Figure 14. Nanoarrays with Ladder. Agarose gel electrophoresis showing the molecular weight of the two 
folded nanostructures. A 1kb ladder obtained from New England Biolabs was used for comparison to these 
two respective folded nanostructures.  
 
 
 

The electrophoresis image in Figure 13 represents the same two nanoparticles as shown 

in Figure 14.  Figure 14 depicts these two different folded arrays designs compared to a 

ladder to check the molecular weight of these respective folded array nanoparticles. 

Testing the binding of nanoarrays on the gold nanoparticles modified with 
streptavidin 
 

Nanoarrays were bound onto gold-streptavidin complexes in two different groups: 

Nanoarrays folded with biotin and Nanoarrays folded without biotin targeting moieties. 

DLS was used to determine the diameter of the gold particles used and assess if an increase 

in the average diameter of the gold-streptavidin complexes was visible when complexed 

with DNA origami modified with biotin in comparison to the gold-streptavidin particles 

complexed with DNA origami not modified with biotin. As expected, there were small 

changes in the diameter of the gold-streptavidin complexes with DNA origami that did not 
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include biotin due to nonspecific binding. The test that was performed without biotin did 

indicate a difference in average diameter as well. The average diameter of the gold-

streptavidin control group was 163.20 nm with a standard deviation of ±5.13 nm. The 

average diameter of the gold streptavidin with DNA but without Biotin was 167.03 nm 

with a standard deviation of ± 3.87 nm. The average diameter of the gold-streptavidin 

complex with DNA and Biotin was 191.37 nm with a standard deviation of ± 4.10 nm.   A 

one-way ANOVA test was used to determine the difference in the average diameters of the 

gold-streptavidin complexes, which rejected the null hypothesis of no difference in the 

average diameter between experimental groups and indicated the alternative hypothesis 

that there was a significant difference between the average diameter of the three 

experimental groups. It was determined that p < 0.05 where p = 4.50E-4. The size 

distribution by intensity graph depicting this can be seen in Figure 15.  
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Figure 15. Size distribution by intensity graph. This graph depicts the shifts in the relative diameters 
(nm) and intensity percentage of the gold beads, the gold beads with DNA with no Biotin, and the gold 
beads with DNA and Biotin. All groups shown here contain 100 nm gold-streptavidin nanoparticles.   
 
 
 

 Tests for change in the zeta potentials determined that there was a decrease in the 

average surface charge of the gold-streptavidin complexes both when they were complexed 

with DNA origami and when they were complexed with DNA origami modified with 

Biotin.  
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Figure 16. Average Differences in Zeta Potentials of Gold-Streptavidin Complexes Measured 

Across Experimental Groups The Y axis has been inverted (blue), gold beads with DNA (orange), and 
gold beads with DNA and Biotin (red). Error Bars shown represent the standard deviations of data in each 
group.  

 
 
 
 The tests for changes in zeta potential exhibited a change in the average voltage ranging 

between -6.83 mV and -16.77 mV between the gold-streptavidin samples and the gold-

streptavidin DNA nanoparticle assays with Biotin. The gold-streptavidin complex 

exhibited an average zeta potential of -6.83 mV with a standard deviation of ±1.40 mV. Of 

the three, this group displayed the highest zeta potential relative to the other two, which 

was as expected as this assay contained no DNA which is negatively charged. The gold-

streptavidin complex with DNA showed an average zeta potential of -11.17 mV with a 

standard deviation of ±1.55 mV. This experimental group showed an overall decrease in 

the zeta potential in comparison to the gold-streptavidin-complex group. The gold-

streptavidin complex with DNA and Biotin exhibited an average zeta potential of -16.77 
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mV with a standard deviation of ±0.84 mV. These averages can be seen in the graph shown 

in Figure 16. This group showed the lowest zeta potential value of the three experimental 

groups. A one-way ANOVA test revealed that p < 0.05 where p = 2.56E-4 indicating a 

rejection of the null hypothesis and indicating a significant difference between the average 

voltages between the tested experimental groups. This significant difference in voltages 

indicate the binding of the DNA origami nanoparticles to the streptavidin beads with the 

assistance of the Biotin adhesion molecule. 

Now we have validated the array capture of the gold-streptavidin complexes, we can 

now discuss the merits of this research as well as its potential applications in other studies.  
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Discussion 
 
 
 

The viral capsid size did not prove to be a great limitation in the design of the 

nanoparticles as its surface area was small enough to avoid the need for multiple DNA 

origami assembly. This was due to the use of a single mesh origami-based design and not 

a dense structure composed of multiple assemblies in the experiment. Since the viral capsid 

was not large enough to warrant the use of multiple origami nanoparticle assemblies, the 

nanoparticle designs used fewer base pairs, still within the threshold of the 7,249 base pair 

limit. Two of the nanostructures designed in the Tiamat software were under the base pair 

limit of a full M13mp18 ssDNA scaffold. The other nanostructures designs were above 

this base pair limit and thus may have required the use of multiple assemblies to synthesize. 

The agarose gel electrophoresis validated folding of two of the arrays we designed. 

This study may have future applications as a wide-spectrum antiviral platform. More 

specifically, the design process of origami nanoparticles used in this experiment may have 

applications in future concerning viral capture-based research. The use of design software 

in the design of viral-engulfing array nanoparticles as well as other viral-engulfing origami 

nanoparticles may be imperative to the development of future studies concerning viral 

destruction. Another potential application of this study would be as a platform for the 

design phase of future studies concerning viral encapsulation. It may be prudent for future 

viral-encapsulation based studies to consider characterization of origami nanoparticle 
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designs using gold-streptavidin complexes and biotin as well as other respective 

nanoparticles and binding molecules as proof of principle to ensure the efficacy of new 

designs prior to testing with viral capsids. While this method may introduce a longer design 

phase, the efficacy of binding to viral capsids may be improved. Depending on the target 

virus, a preliminary proof of principle-based experiment may also prove cost effective.  
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Conclusion 

 

DLS measurements of the gold-streptavidin complexes with biotin indicated an overall 

increase in size indicated a binding of the nanoparticles to the surface of the nanobeads as 

the increase in diameter would suggest that the DNA origami has been anchored onto the 

gold-streptavidin surface. While there was a decrease in charge of the zeta potentials 

between the control group and the experimental group without the biotin capture molecule 

this is likely due to non-specific binding of DNA to the gold-streptavidin nanoparticles. 

Since the tests for charge also indicated a decrease in charge of the zeta potentials of the 

gold-streptavidin complex with both biotin and DNA origami nanoparticles together, this 

confirmed the binding of the array nanoparticles to the gold-streptavidin complexes.  
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Future Works 
 
 
 

The next step for this study will be its experimental phase characterizing the array design 

with samples of the rabies virus. The array design with be functionalized with the RVC-20 

targeting moieties as well as other newer and more effective RVNAs. The functionalized 

array will be assayed with samples of the rabies virus. The binding of the array to the viral 

capsid will be characterized using the DLS to determine that there was an increase in the 

average diameter of the viral capsids when assayed with DNA origami. Zeta potentials 

readings across the surface of the viral capsid will be recorded in three different groups: a 

sample of the rabies virus, a sample of the rabies virus with an array that has not been 

functionalized with RVC-20, and a sample of the Rabies virus that has been functionalized 

with RVC-20.  

Scanning electron microscopes and transmission electron microscopes may be used to 

assist in the characterization of the binding of array nanoparticles to the gold-streptavidin 

complexes. This method may also be used to characterize the binding of the array 

nanoparticles to samples of the rabies virus as well. These methods could also be used to 

identify structural information regarding the viral capsid as well as reaffirming proper 

folding of the array nanoparticles. It stands to reason that should the origami array 

nanoparticles fail to engulf the samples of the rabies viral capsid, using scanning electron 
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microscopes as well as transmission electron microscopes would serve as tools to diagnose 

potential errors in the design with regards to binding to this viral capsid. 

Nanotube designs will be folded using the same procedure as used in folding the array. 

These nanotubes will be characterized with gold nanorods-streptavidin using DLS and zeta 

potential as proof of principle to determine if these designs possess the capacity to bind to 

the viral capsid. If the nanotube designs demonstrate the capacity to bind to the gold-

streptavidin complexes, the experimental phase will commence using these nanotube 

designs. Should these designs exhibit the capacity to bind to the Rabies viral capsid, new 

origami nanoparticle designs will be folded and tested for use on different and larger viral 

capsid types. To match the geometry of larger viral capsids different techniques may be 

required to obtain larger folded origami nanoparticles.  

New characterization techniques using fluorescent DNA origami nanobeads may be 

utilized in future studies as well [77]. Fluorescent techniques could be used to indicate 

localization between beads and DNA origami nanoparticles. Quenching techniques may be 

used to modulate the luminescence of these fluorophore-modified nanoparticles to assist 

their localization. These newer techniques may be used to detect these nanoparticles with 

greater resolution [78]. 
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