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ABSTRACT 

 

JUSTIN ROSS HALMAN.  Immunostimulatory Properties of Nucleic Acid Nanoparticles.  

(Under the direction of DR. KIRILL AFONIN) 

 

 Nucleic acids (DNA and RNA) are ubiquitous biomolecules found throughout all living 

organisms. They can act as genetic information storage and messengers, enzymes, molecular 

switches, and much more. Although DNA is used almost exclusively for its ability to store 

information, discoveries in the roles of RNA in development and homeostasis through complex 

molecular interactions are ever-expanding. The myriad of roles that nucleic acids can perform 

makes them ideal therapeutic candidates, as well as molecular machines, and their inherent 

structure makes investigating their use as materials a worthwhile endeavor. Combining these 

applications, nucleic acid nanoparticles have the ability to assume any designable structure, varying 

in shape, size, and composition. This degree of structural customizability, made possible by both 

Watson-Crick canonical interactions and non-canonical, further enhance the ability to fine-tune a 

given nanoparticles resulting physicochemical properties. Additionally, their inherent structures 

make them able to simultaneously carry several different pharmaceuticals including nucleic acid-

based agents such as RNA interference inducers, aptamers, and immunostimulatory sequences, as 

well as small molecules and fluorescent entities. This combination of customizability, 

biocompatibility, and therapeutic activity makes nucleic acid nanoparticles a highly promising 

approach for treating complex diseases. Despite rapid advances in the field of therapeutic nucleic 

acids, unexpected deleterious immune responses have halted both clinical trials and research, 

leading to hesitation towards their advancement into clinical use. This dissertation aims to elucidate 

the link between structure and composition of nucleic acid nanoparticles and their ability to produce 

an immune response in cells. Furthermore, the investigation of chemical modifications, existing 

both naturally in cells as well as artificially for therapies, is explored for its use in enhancing the 

stability of nucleic acid nanoparticles while altering their immunostimulatory capabilities. Finally, 

an approach of dynamic, response activated nucleic acid nanoparticles is explored. 
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fluorescent microscopy (F) and flow cytometry (G). As the control, pre-formed DS RNAs (at 2 nM 

final) against PLK1, BCL2, and GFP were used for HeLa and MDA-MB-231 cells respectively. At 

concentrations higher than 10 nM, some gene silencing was observed for cubes carrying antisense 

DS RNAs (data not shown). Note that the individual cubes and anti-cubes cause no decrease in 

GFP production. gMFI corresponds to the geometric mean fluorescence intensity. Error bars denote 

SEM. .............................................................................................................................................. 71 

 

Figure 17. Activation of FRET with complementary shape switching nanoparticles. (A) In vitro re-

association of fluorescently labeled cubes and anti-cubes with split Dicer Substrate (DS) RNAs was 

visualized by native-PAGE. (B) Fluorescence time traces show no re-association between the 

fluorescently labeled Alexa 488 and Alexa 546 cubes and anti-cubes carrying split DS RNAs when 

associated with Lipofectamine 2000 (L2K). (C) For intracellular FRET experiments, human 

prostate cancer (PC-3) and breast cancer (MDA-MB-231) cells were co-transfected with 

fluorescently labeled cubes and anti-cubes and images were taken the next day.  Numbers at each 

image correspond to (1) differential interference contrast images, (2) Alexa 488 emission, (3) Alexa 

546 emission, (4) bleed-through corrected FRET image. .............................................................. 73 

 

Figure 18 Ring and anti-ring nanoparticles do not re-associate but cognate monomers form rings 

and fibers. (A) Schematics of isothermal re-association of triangles and anti-triangles. AFM of 

triangles and anti-triangles and native-PAGE of re-associated anti-triangles with triangles after 30 

mins of incubation. (B) AFM images of RNA rings and anti-rings and native-PAGE showing that 

they do not interact. (C) The individual monomers of rings and anti-rings form the mixture of 

hexameric rings and fiber-like structures as shown by native-PAGE and AFM. .......................... 74 

 

Figure 19. Assembly of RNA and DNA ring monomers show no assembly for nanorings due to 

lack of kissing loop interactions .................................................................................................... 75 

 

Figure 20. Contrary to assembled rings, individual ring monomers and anti-ring monomers form a 

mixture of ring and fiber structures as shown by native-PAGE. (A) Assemblies of non-

functionalized monomers. Two different assembly protocols explained in methods were tested. 

Depending on the kissing loop sequence the formation either of fibers (e.g., A and anti-A) or rings 

(e.g., F and anti-F) can be promoted. (B) Assembly of monomers functionalized with DS RNAs 

and Alexa 488 led to the formation of functional fibers and rings. ............................................... 77 

 

Figure 21. Programmable nucleic acid RNA (A) and DNA (B) polygons. Each panel presents 

energy minimized 3D models of RNA and DNA nanoparticles (identical sequences are colored the 

same), with corresponding AFM images, hydrodynamic radii measured by DLS (presented as +/- 

SEM), and ethidium bromide total staining native-PAGE results. .............................................. 100 

 

Figure 22. Cell culture experiments with programmable polygons. Human microglia-like cell lines 

were transfected with polygons at a final concentration of 5 nM and 25 nM. (A) 3D models of 

tested polygons with RNA strands shown in grey and DNA strands in blue. (B) Assemblies all 

polygons visualized by agarose gel. (C) Structural integrity of polygons associated with 

Lipofectamine 2000 (L2K) confirmed by the release studies with Triton X100. The results are 

analyzed by native-PAGE and visualized by AFM. (D) Relative cellular uptakes assessed by flow 

cytometry and (E) cell viability assays. (F-G) 24 hours post transfection with 16 RNA, DNA and 

RNA/DNA polygons, cell supernatants were collected and levels of IFN-β (F) and IL-6 (G) 

production were assessed by specific-capture ELISA. In C, E, and F, results were normalized to 

transfection reagent alone treated cells (L2K) and presented as the mean +/- SEM. Statistically 

significant results are indicated with asterisks (p value < 0.05). ................................................. 101 
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Figure 23. (A) 3D models of polygons with corresponding sequence annotations. (B) Self-assembly 

properties of RNA polygons in the presence and absence of central (blue) strands evaluated on 7% 

non-denaturing PAGE. Lanes 1 – 3 correspond to monomer, dimer and trimer stepwise association 

of RNA strands. Lane 4 corresponds to triangle with strand rT1. Lanes 5 and 6 correspond to square 

with and without central strand rS1. Lanes 7 and 8 correspond to pentagon with and without central 

strand rP1. Lanes 9 and 10 correspond to hexagon with and without central strand rH1. (C) Self-

assembly properties of RNA polygons from the same mixture of short strands (rT2, rT3, rT4, rS5, 

rP6, rH7) and different central strands. Lane M is a DNA step ladder (Low Molecular Weight from 

NEB). Lanes 2, 4, 6, and 7 are corresponding assembly of Triangle, Square, Pentagon and Hexagon 

formations driven by the presence of rT1, rS1, rP1, and rH1, respectively. Lanes 1, 3, 5, and 8 are 

corresponding pre-assembled control RNA polygons. ................................................................ 102 

 

Figure 24. Experiments confirming structural integrity of DNA polygons associated with 

Lipofectamine 2000 (L2K). L2K complexes with polygons were prepared and then treated with 

Triton X100. All samples were analyzed by ethidium bromide total staining native-PAGE and 

visualized by AFM. ...................................................................................................................... 104 

 

Figure 25. Human microglia-like cell lines were transfected with nanoparticles at a final 

concentration of 5nM and 25nM. 24 hours post transfection cell supernatants were collected and 

levels of IL-8, were assessed by specific-capture ELISA. Results are normalized to L2K control 

and presented as the mean +/- SEM. ............................................................................................ 105 

 

Figure 26. Examples of model accuracy estimations for IFN-β, IL-6, and IL-8 datasets obtained by 

5-fold Cross Validation procedure. .............................................................................................. 107 

 

Figure 27. Schematic representation of quantitative structure-activity relationship (QSAR) 

modeling used in this project. ...................................................................................................... 107 

 

Figure 28. Human microglia-like cell lines were transfected with nanoparticles at a final 

concentration of 5 nM and 25 nM using the transfection reagents jetPrime (A-B) or Mirus TransIT-

X2 (B-C) and following the manufacturer’s protocols. 24 hours post transfection with RNA, DNA 

and RNA/DNA polygons, cell supernatants were collected and levels of IL-6 (A, C) and IFN-β (B, 

D) production were assessed by specific-capture ELISA. Results were normalized to transfection 

reagent alone treated cells. Data shown is an N=1. ..................................................................... 110 

 

Figure 29. Examples of experimental determination of dissociation constants (KD), melting 

temperatures (Tm), and stabilities in blood serum (τ). (A) For equilibrium dissociation constant (KD) 

assay: fixed amounts of IR-700 labeled dT2 was titrated with increasing amount of unlabeled 

strands corresponding to triangle, tetragon, pentagon, and hexagon. The assembled polygons were 

subjected to 7% native-PAGE analysis shown on left. Titration curve fitting data is demonstrated 

on the right with corresponding apparent KD values (+/- SEM). (B) Representative UV-melting 

curves for RNA polygons. Sigmoidal curves exhibited one transition at Tm ~80°C in all cases. The 

exact melting temperatures for polygons were determined from first derivative plots of 

corresponding melting curves. (C) Time dependent degradation profiles for RNA polygons (at 1 

µM) in 2% (v/v) FBS at 37 °C. .................................................................................................... 111 

 

Figure 30. Experimental design of the current work. .................................................................. 129 

 

Figure 31. Binding of DNA to PgP leads to protection from nuclease activity. (A) Schematic 

showing electrostatically-driven PgP binding to nucleic acids, (B) gel retardation of various 
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PgP/DNA polyplexes prepared using various PgP/DNA ratios (N/P ratio), and (C-D) nuclease 

protection assay of PgP/DNA polyplexes after incubation with DNase I.................................... 129 

 

Figure 32. Intracellular uptake of PgP/DS RNA polyplexes assessed in MDA-MB-231 human 

breast cancer cells. (A) Visualization of intracellular uptake of polyplexes by confocal microscope; 

(B) Co-localization of polyplexes with early endosomal marker Rab5 confirms an endocytic 

pathway of internalization; (C) Flow cytometry measuring the effect of temperature on intracellular 

uptake of polyplexes (**** denotes p < 0.0005); (D) Fluorescent microscopy and bright-field 

overlay of MDA-MB-231 human breast cancer cells transfected with either PgP/DS RNA-Al488 

or PgP/DNA-Al488 at either 4 oC or 37 oC, 6 hours after transfection. ....................................... 131 

 

Figure 33. Characterization of various functionalized NANPs by AFM and native-PAGE: (A) RNA 

rings functionalized with six Dicer substrate (DS) RNAs, (B) RNA cubes functionalized with six 

DS RNAs, and (C) DS functionalized RNA fibers. (D) Native-PAGE results confirm the integrity 

of NANPs upon heparin-assisted release from PgP polyplexes................................................... 132 

 

Figure 34. Specific gene silencing with PgP/NANP(GFP) polyplexes and cell viability assays tested 

against GFP expressing breast cancer cells (MDA-MB-231/GFP). Fluorescent microscopy (A) 

shows representative images of GFP knockdown by PgP/NANP(GFP) polyplexes. (B) GFP 

knockdown efficiency by cubes (PgP/cubes(GFP)), rings (PgP/rings(GFP)), and fibers 

(PgP/fibers(GFP)) are compared to free DS RNAs(GFP) and negative control (siNT), PgP only (0.1 

mg/mL) used as an additional control. (N=3, **** denotes statistically significant vs. untreated 

cells with p<0.0005, # denotes statistical significance vs. cubes with p<0.05). (C) Cell viability by 

PgP/NANP(GFP) polyplexes (N=3, * denotes statistical significance with p<0.05, ** with p<0.005, 

*** with p<0.005). ....................................................................................................................... 134 

 

Figure 35. (A) AFM images of RhoA NANPs and (B,C) specific gene silencing with PgP/NANP 

polyplexes targeting RhoA in rat neuroblastoma cells (B35). In all experiments, cubes 

(PgP/cubes(RhoA)), rings (PgP/rings(RhoA)), fibers (PgP/fibers(RhoA)), and individual DS 

RNAs(RhoA) are compared. Negative control siRNA (siNT) and DS RNA transfected with 

Lipofectamine 3000 (L3K) are used as controls. Intracellular uptake of fluorescently labeled 

PgP/Ring-Al488 by confocal microscopy (A) and RhoA gene silencing assessed by RT PCR (B).

 ..................................................................................................................................................... 135 

 

Figure 36. Blood compatibility and immunostimulation with PgP/NANP(GFP) polyplexes. In all 

experiments, cubes (PgP/cubes(GFP)), rings (PgP/rings(GFP)), fibers (PgP/fibers(GFP)), and 

individual DS RNAs(GFP) are compared. (A) Hemolysis assay was conducted using primary rat 

erythrocytes and demonstrated no lysis. (B-C) Immunostimulation of PgP/NANP(GFP) polyplexes 

measured via ELISA of inflammatory cytokines and type I interferons in hµglia cells. (D) IRF and 

NF-κB stimulation as measured by luciferase production and SEAP production, respectively, in 

THP1-Dual™ cells, and (E) TLR stimulation from polyplexes as measured by SEAP secretion from 

HEK-Blue™ hTLR7 cells. In B and C, statistical significance relevant to cells, poly I:C, and ring 

is denoted by *, #, and & respectively (*/# p<0.05, **/##/&& p<0.005, ### p<0.001, **** 

p<0.0001).  (D) The role of IRF and NF-κB stimulation were measured using THP1-Dual™ cells. 

Statistical significance compared to cells denoted by *** with p<0.0005 and **** with p< 0.0001). 

(E) HEK-Blue™ hTLR7 cells were transfected with the various PgP/NANP complexes and the 

TLR stimulation was measured using QUANTI-Blue™ detection media (* denotes p<0.005). 136 

 

Figure 37. hTLR3 stimulation as measured by HEK-Blue™ hTLR3 cells. Positive control Poly I:C 

stimulates a response whereas none of the PgP/NANPs trigger hTLR3 activation. In all 
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experiments, cubes (PgP/cubes(GFP)), rings (PgP/rings(GFP)), fibers (PgP/fibers(GFP)), and 

individual DS RNAs(GFP) are compared. ................................................................................... 137 

 

Figure 38. Biodistribution of various PgP/NANPs after systemic injection via tail vein in mice. The 

results were analyzed in vivo (A), and ex vivo (B-C). Significant difference (p<0.05) when 

compared to PgP/DS RNA for PgP/NANPs’ accumulation in lungs (*) and in livers (#) are shown.
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1 Chapter 1: Introduction 

1.1 Nucleic acids in molecular biology 

1.1.1 Structure and interactions of nucleic acids 

DNA and RNA are biological polymers that have evolved to perform principle biological 

functions. The main and most appreciated roles are as storage and conduits of genetic information 

across all forms of life.  The unique chemical structure of nucleic acids is widely conserved 

throughout biology, with only minor idiosyncrasies to accommodate additional functionalities.  

Although the chemical differences between DNA and RNA seem insignificant, alterations in their 

properties that result from these changes make them two entirely different players in the cast of 

molecular biology. 

The role of DNA in molecular biology is almost exclusively for the storage of genetic 

information. In eukaryotes, DNA is mainly contained in the nuclei of cells where it is stored and 

protected. The DNA can then be selectively unwound and transcribed into RNA, a complex and 

interesting process which is not the focus of this dissertation. RNA is a more versatile molecule, 

which acts as the conduit between DNA and protein, an enzyme, a scaffold, and a regulator of gene 

expression. This section serves to introduce the main functions of nucleic acids, as well as outline 

the chemical and physical features that dictate their functions. 

The anatomy of nucleic acids evolved both to fit its niche in biology. The chemical 

structure can be separated into three main components, the phosphate backbone, pentose sugar, and 

nucleobase.1-3 The negatively charged at neutral pH phosphate backbone is identical for both DNA 

and RNA (though sometimes modified in bacterial species to form phosphorothioate bonds, to be 

discussed later). The phosphate backbone links covalently to the sugar group, a  -D-ribofuranose 

in RNA and a  -2’-deoxy-D-ribofuranose in DNA. The consequences of the additional 2’-hydroxyl 

group in RNA makes it very distinct from DNA molecules. Firstly, the 2’-hydroxyl group is polar, 

which makes RNA more chemically reactive than DNA. Additionally, the 2’-hydroxyl group 

causes the ribose to form a different orientation, changing the overall helix. This different shape, 
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referred to as a sugar pucker, has vast implications of the secondary structure of RNA, and allows 

it to form several higher order structures. Specifically, the sugar pucker has implications for the 

helix itself, causing RNA to form what is known as an A-form helix. The C3’-endo sugar 

confirmation, induced by the 2’-hydroxyl, causes shorter phosphate-phosphate distances in the 

backbone, resulting in a more compact helix.4-5 In contrast, the resulting C2’-endo structure that 

forms for DNA causes a B-form helix, which is less compact. Additionally, the two forms of helices 

result in different lengths and number of base pairs (bp) required per full helical turn; B-form 

helices achieve one full turn with 10.5 bases, whereas A-form helices achieve a full helical turn 

after 11 bases.6 The third  and rarest helix of nucleic acids, Z-DNA, is a left handed helix with 

several unique properties including a narrower helix and greater rise per turn.7  The final feature of 

nucleic acids is the nucleobase, which are derivatives of nitrogen containing heteroaromatic 

molecules -- purines and pyrimidines. Purine bases (adenine and guanine) contain double rings 

while pyrimidine bases (cytosine, thymine (DNA), and uracil (RNA)) contain single rings. The 

planar nucleobases are responsible for inter-strand interactions through hydrogen bonding, wherein 

adenine binds to thymine (DNA) or uracil (RNA), and cytosine binds to guanine. It is through these 

hydrogen bonds that DNA binds to its complementary strand and forms a double helix structure. 

DNA is also capable of forming additional bonds known as Hoogsteen interactions which are 

essential in the formation of, for example, G-quadruplexes and triple helices.8-9 Alternatively, the 

structure of RNA allows for a plethora of other interactions which allow it to form unique structures 

(discussed below), leading to a multitude of additional functionalities.10-13 

The annealing of complementary nucleic acid strands and helix formation is driven by 

several forces: hydrogen bonding between nucleotides, hydrophobic and hydrophilic forces of the 

bases and phosphate backbones, respectively, and aromatic pi-pi stacking of the bases. These forces 

lead to the self-assembly double helix structures, which vary based on the strands which compose 

them (DNA or RNA). Furthermore, metal ions play a large role in the formation and stabilization 

of complex DNA and RNA structures. Particularly, sodium, potassium, and magnesium are used 
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to counteract the negative charges in the phosphate groups of nucleic acids and act as a glue of sorts 

to enable compact structures and helices.14-22 Of the metal ions integral in nucleic acid folding and 

stability, magnesium has been identified as the most crucial. The combination of size and charge 

(high charge density) enables magnesium to stabilize the nucleic acid helix by direct electrostatic 

interactions with the phosphate backbone, and via coordination of water around the phosphate 

backbone for favorable hydrogen bonding.23-27 In the first scenario, magnesium’s size allows it to 

fit in the groove of the nucleic acid, and its divalence allows for electrostatic interaction with two 

negatively charged phosphates simultaneously. In the second scenario, magnesium interacts 

electrostatically with the oxygens in water, coordinating six water molecules around the ion. This 

complex directs the hydrogens of water to face outwards, which then hydrogen bond to the 

phosphate backbone to stabilize the structure. 

Whereas DNA is often limited to its double helix, the combination of nucleobases and 

ribose group enable RNA to fold into more unique and complex structures.28 The hierarchy of 

nucleic acid structure can be defined in three orders: the primary structure refers to the linear 

sequence of nucleotides, the secondary structure is the helices formed through base pairing, and the 

tertiary structure is the overall compact and highly organized structures assumed by RNA. The non-

canonical RNA interactions which make secondary and tertiary structure possible are defined by 

twelve basic geometric families demarcated by their location of interaction (Watson-Crick, 

Hoogsteen, or Sugar Edge) and their directionality (parallel or anti-parallel). Overall, these 

interactions lead to extraordinarily diverse and complex structures capable of a wide range of 

functions. Three categories of structure are used when defining nucleic acids: primary is described 

as the specific sequence of nucleotides which comprise the strand, secondary structures are helices 

which form through canonical WC base pairing, and tertiary structure with interactions which result 

from RNAs ability to form non-canonical interactions while folding into compact and highly 

organized structures.29 Overall, the complexity of structures formed by RNA can rival those of 

protein. 
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1.1.2 Functions of nucleic acids 

While the natural functions of DNA lie solely in the storage of genetic information (with 

minor exceptions such as, for example, neutrophil extracellular traps), RNA is a fantastically 

versatile molecule, whose functions are vast and still not completely known today. The central 

dogma of molecular biology states that DNA is transcribed into RNA, RNA is translated into 

protein, and protein will go on to perform function. Although this is correct, it woefully understates 

the versatility of RNA in molecular biology, and limits RNA to its earliest understood function. 

Most of the understood functions of nucleic acids are outlined in Figure 1. 

RNA is most popularly known for its function as a conduit of genetic information via 

messenger RNA (mRNA) which codes for proteins. Eukaryotic mRNAs can be identified by a 

number of chemical hallmarks, including the presence of a 5’ 7-methyl guanosine cap, and a poly-

adenosine 3’ tail, which both serve to protect the transcript from exonuclease activity30-31. 

Furthermore, the 5’ 7-methyl guanosine cap plays a major role in translation initiation.32 The 

structure of mRNAs can be defined by a number of features; read 5’ to 3’, those features are: the 

5’ cap, the 5’ untranslated region (UTR),33-34 the coding region, the 3’ UTR,35-36 and the poly-

adenosine tail.37-38 The UTRs are not translated into protein (as its name suggests), but can serve 

various roles in gene expression such as mRNA stability, localization, and translation efficiency. 

Beyond (and often embedded in) mRNA, RNA has a myriad of functions in biology which help to 

regulate cell metabolism and protein expression.39-40 RNA is unique in that it is able to perform the 

actions of both information conduit as well as enzyme activities.41 Several classes of natural non-

coding RNAs include ribozymes,42-43 riboswitches,44-45 long non-coding RNAs (lncRNAs), short-

interfering RNAs (siRNAs),46 short hairpin RNAs (shRNAs),46 and small nucleolar RNAs 

(snRNAs),47 just to name a few.  All of these classes perform a function involved in cell 

maintenance and metabolism but are not directly translated into protein. It is now understood that 

the complexity of higher order life is due to the number of non-coding RNAs transcribed, and not 
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always correlated genome size or number of proteins. 

Ribozymes are RNAs which are able to perform a catalytic function.48-49 There are several 

properties of RNA (resulting from the chemical differences of DNA and RNA discussed) that 

enable them to perform these activities. Firstly, ssRNAs ability to fold into tertiary structures, an 

ability which allows for specific conformations for the formation of active and binding sites. 

Secondly, RNA can bind metal ions to use in catalytic activities. The 2’ hydroxyl group on the 

ribose of RNA makes it far more reactive than DNA. For example, deprotonation of the hydroxyl 

group generates a single negative oxygen which is highly reactive and can cause self-cleavage of 

the RNA by reacting with the phosphate backbone. Thirdly, the ability for RNA nucleobases to 

accept and donate protons can allow ribozymes to perform acid-base catalysis. Although ribozymes 

are widespread in biological activity and morphology, most (but certainly not all) ribozymes 

activity function by breaking the ester bond in the phosphodiester backbone. These ribozymes can 

be separated into two distinct groups, small and large, which is defined by those containing fewer 

or greater than 200 nucleotides, respectively.50 The ability to self-cleave allows for regulated post-

transcription control of RNA. For example, the Hammerhead ribozyme, found in various viruses, 

self-cleaves the RNA product of rolling-circle transcription to generate high efficiency mRNAs.51-

Figure 1. Functions of DNA and RNA in molecular biology. DNA is used 

almost exclusively for storage of genetic information, whereas RNA has 

diverse functions some of which are schematically shown. 
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52 

The most important ribozyme, the ribosome, is utilized ubiquitously throughout nature.53-

54 The ribosome is a biological complex composed of roughly 65% RNA and 35% protein, whose 

assembly requires a variety of further structural and catalytic RNAs including small Cajal body-

associated RNAs (scaRNAs) and small nucleolar RNAs (snoRNAs).55-56 The catalytic activities of 

the ribosome include intricate interactions between ribosomal RNA and proteins. The ribosomal 

RNA (rRNA) in conjunction with transfer RNA (tRNA) is able to catalyze the synthesis of 

peptides.57 The importance of the ribosome (and its associated RNAs) is vital to molecular biology, 

and it is necessary to acknowledge RNA’s role in the synthesis of proteins beyond that of mRNA. 

Riboswitches, as well as recently discovered class of structurally interacting RNAs 

(sxRNAs) describe an additional functionality of RNA beyond mRNA in which the confirmation 

of an RNA changes in response to a specific input to modulate an RNA’s activity.58-59 Often times 

this is used in biology to maintain proper concentrations of certain molecules. The structures 

function by altering their secondary or tertiary structure in response to binding a target ligand.60 

For example, one of the first riboswitches discovered regulates the expression of vitamin btuB, an 

enzyme necessary for the production of vitamin B12.61 The expression of btuB is regulated by the 

cellular concentration of coenzyme B12 (5’-deoxy-5’-adenosylcobalamin or AdoCbl); that is, in 

conditions of high concentration of AdoCbl, the translation of btuB is retarded, and in low 

concentration production is increased.62 It was discovered that structural changes were induced in 

the btuB mRNA by binding of AdoCbl to the 5’-UTR, and these structural changes alter the gene 

expression. Several similar riboswitches have been identified to alter the expression of a number 

of proteins, and many have been developed for therapeutic purposes.63-64 

Beyond ribosomes (and their associated ncRNAs), ncRNAs exist for epigenetic regulation, 

cellular metabolism and protein expression.65-67 Short ncRNAs (generally 22-30 bp) play a vital 

role in gene silencing and post-transcriptional control over protein expression.68 Short ncRNAs 

play a vital role in both regulation of expression of self-proteins as well as defense versus viral 
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infections by a process known as RNA interference (RNAi), a vital post-transcriptional gene 

silencing (PTGS) process. There are several subclasses of RNA molecules that can induce RNAi, 

including (but not limited to) siRNA and microRNA (miRNA).69 miRNAs function by achieving 

post-transcriptional modulation of the activity of mRNA transcripts, including blocking translation, 

or cleaving the mRNA transcript itself.70-72 Interestingly, miRNAs are located in both intergenic 

and coding regions of the genome, and within genes can be found in introns or exons, acting as 

endogenous regulators of gene expression.73 miRNAs begin as a single stranded folded pri-miRNA 

that are later processed by the enzyme Drosha to yield pre-miRNAs to be exported into the 

cytoplasm.74-76 Interestingly, miRNAs are an endogenous means of post-transcriptional control, 

allowing a cell to maintain proper expression of countless RNA transcripts; however, it has been 

shown that miRNAs can be transferred between cells via extracellular bodies such as exosomes.77-

78 To this effect, miRNAs represent an endogenous means of RNA-controlled expression through 

target specific steric mRNA hinderance, degradation, or cleavage.70  Once in the cytoplasm, pre-

miRNAs are processed by Dicer and loaded into the RISC and proceed to bind to their target 

mRNA, akin to the fate of siRNA.76 Different from siRNAs, miRNAs are only partially 

complementary to their target genes, and can repress translation by both cleaving and non-cleaving 

mechanisms.79-81 Furthermore, miRNAs differ from siRNAs in their target promiscuity; miRNAs 

can have several mRNA targets whereas siRNAs generally only have one.81-83 

Alternatively, siRNAs compose the exogenous facet of RNAi, with a small set of 

endogenous siRNAs controlling self-expression.84-85 In their final form, siRNAs are generally 21-

23 bp dsRNAs with 2 nucleotide 3’ overhangs.86 To generate these molecules, the endonuclease 

Dicer cleaves longer RNAs to their functional product.87 siRNAs are generally derived from 

exogenous sources and later cleaved and processed in the cytoplasm; it has been shown that siRNAs 

are processed from viruses, transposons, or foreign genes as a mean of defense against exogenous 

threats.86, 88-89 It has been further demonstrated that Dicer facilitates the loading of the siRNA into 

the RNA induced silencing complex (RISC), the cellular machinery which carries out the 
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silencing.90 The RISC is composed of several proteins tasked at separating the guide strand (active) 

from the passenger strand (inactive).91 Specifically, the distinction between guide and passenger 

strand is determined by the stability of the 3’ end of the siRNA, where the strand with the less 

thermodynamically stable 3’ end is selected as guide.92 From Dicer, the siRNA is loaded into the 

RISC by binding to the RNA binding protein TRBP.93 The siRNAs (now associated with the RISC) 

bind with fully complementary to their target mRNA, and through the nuclease activity of 

Argonaute 2, cause cleavage and degradation of their mRNA target.94-95  siRNAs are highly specific 

and generally target only one specific gene; however, mutations or mismatches can occur which 

may result in off-target silencing or reduced efficiency.96 In fact, only a few copies of siRNA per 

cell are needed to achieve sufficient gene knockdown.97 The simplicity and ubiquity of siRNA 

makes them ideal tools in laboratories for experimentation, and in the clinic for therapeutic use. 

Overall, RNAs comprise of a versatile and diverse set of biological tools which are 

necessary for every living organism. Although they are known mainly to serve as a conduit of 

genetic information between DNA and protein, their enzymatic activities give unique roles in 

cellular metabolism and homeostasis. An additional subset of RNA, Long-ncRNAs, exist as a 

heterogenous subset of RNAs which perform a number of functions in epigenetic regulation.98 This 

class of RNAs are united only by their length, as their functionality is widely varied. Bringing the 

subsets together, RNAs are responsible for the synthesis of proteins, as well as the control over 

their expression. The above paragraphs only skim the surface of the complex and vital roles that 

RNA play in molecular biology. It is for this reason that RNAs are continuously being targeted as 

potential therapeutics and will always play an active role in modern medicine. 

1.1.3 Chemical modifications of nucleic acids 

Chemical modifications of nucleic acids are pervasive throughout biology and with great 

variety.99 Although researchers have identified a number of key functions, the purpose and 

mechanisms of many remain unknown; for example, the N6-methyladensoine (m6A) modification 

has recently been demonstrated to drive stem cell differentiation, as well as correlate with circadian 
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rhythms in eukaryotes, but with over 18,000 evolutionarily confirmed modified sites, it is 

speculated that this only makes up a fraction of its purpose.100-102 Largely, chemical modifications 

play a role in gene expression and regulation, nucleic acid stability, and immune recognition.103-104 

So as to not understate its importance, this section serves only as a minor foray into its depth of 

chemically modified nucleic acids, focusing on the aspects more relevant to this dissertation. 

Several of these modifications are depicted in Figure 2. 

In eukaryotes, nucleic acids undergo chemical modifications in a dynamic manner from 

synthesis to degradation.105-106 The DNA of eukaryotes undergoes constant remodeling to modulate 

expression patterns of all genes. DNA is generally kept in two morphological states: 

heterochromatin, in which the DNA is tightly packed around histones and is difficult to transcribe, 

and euchromatin, in which the DNA is more loosely packed and is able to be readily transcribed.107 

Chemically, this is achieved through a series of reactions which result in the methylation of the 

Figure 2. Chemical modifications of DNA and RNA effect their folding and molecular interactions. 
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DNA. For most animals, DNA methylation occurs by the addition of a methyl group to the 5 

position on the cytosine base (5-methyl cytosine). Consequently, the DNA methylation functions 

by blocking the interaction with DNA binding proteins, initiating transcriptional silencing.108 

Furthermore, DNA methylation encourages the conversion from euchromatin to heterochromatin, 

further repressing expression.109-110 This process works in tandem with histone methylation and 

acetylation to control gene expression at the transcriptional level.110-111 

The library of RNA modifications is diverse in both chemistry and function. With respect 

to chemistry, eukaryotic RNA modifications occur on either the ribose or the base, as well as at the 

extreme ends of the strand (capping).112 These modifications play a large role in modifying RNA 

stability, enhancing catalysis, enabling immune recognition, and modulating translation 

efficiency.113-115 Although several modifications are well understood, there still exists a dearth of 

knowledge for many. For example, pseudouridine is the most abundant base replacement 

modification in which uridine is replaced with an isomer.116 Pseudouridine is found in tRNA, 

mRNA, rRNA, and snRNA, with varying function for each.117 In tRNA and rRNA, it has been 

proposed that pseudouridines facilitate the formation of specific structural motifs, though this has 

still not been explicitly proven.118 Alternatively, 2’OMe modifications on the ribose of RNA are 

also one of the most abundant modifications; however, discovery of their function has largely 

evaded scientists, and its purpose remains unclear beyond its enhancing of stability and 

flexibility.119-122 

Beyond the transcriptome, chemical modifications of nucleic acids have been adopted for 

nucleic acid therapeutics. Modifications which increase melting temperature, enhance resistance 

from nuclease activity, and either purposefully evade or provoke the immune system have garnered 

much attention. The aforementioned 2’OMe modification is utilized because of the above 

properties, as well as 2’Flourine modified RNA.123 Backbone modifications such as 

phosphorothioate are used in to enhance stability, while CpG motifs are used in conjunction with 

them to provoke an immune response.124-125 
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1.1.4 Natural immune response to nucleic acids 

The presence of foreign nucleic acids within a cell is often indicative of either damage to 

neighboring cells or infection by a pathogen. As such, eukaryotic cells have developed a suite of 

pattern recognition receptors (PRRs) to bind to pathogen associated molecular patterns (PAMPs) 

or damage associated molecular patterns (DAMPs) for the detection and response to nucleic 

acids126-129. These sensors can be divided into two categories: endosomal and cytosolic. In the 

endosome, membrane bound proteins, called Toll-like receptors, function to bind specific nucleic 

acids motifs and signal for the expression of type I interferons and/or pro-inflammatory 

cytokines.127 In the cytoplasm, a larger and more diverse array of proteins comprise a 

comprehensive defense system.130 Several of the pathways and receptors are displayed in Figure 3. 

The Toll-like receptors are a series of transmembrane proteins responsible for detecting 

PAMPs and DAMPs such as nucleic acids, flagellum, and lipopolysaccharide.128-129 In the 

endosome, TLR 3, 7, 8, and 9 are responsible for detecting DNA and RNA in human biology. TLR 

Figure 3. Schematic demonstrating the main receptors and proteins in coordinating an immune 

response to foreign nucleic acids. 
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3 is detects dsRNA,131 TLR 7 and 8 detect ssRNA,132-133 and TLR 9 detects CpG DNA.134-135 Each 

receptor has specific requirements for the type of nucleic it can detect. TLR 3 preferentially binds 

dsRNA of 40-50 bp in acidic conditions.136 Once the dsRNA binds to the ectodomain of the 

receptor, a conformational change of the protein on the other side of the endosomal membrane 

leads to a pathway activating type I interferons.137 Alternatively, TLR 7 and 8 bind to ssRNA with 

preference to uridine rich sequences.138 The binding then activates the MyD88 pathway which 

signals downstream for the expression of both type one interferons as well as proinflammatory 

cytokines.139-140 Additionally, TLR 9 is activated by CpG motifs in ssDNA, and its stimulation also 

leads to the expression of type one interferons and pro-inflammatory cytokines.141 

Detection of pathogenic or foreign nucleic acids in the cytoplasm is achieved by a more 

diverse set of receptors which interplay for a comprehensive system.142-147 Much like the endosomal 

receptors, the cytosolic receptors each have their own specific targets. Retinoic-acid-inducible-

gene-I (RIG-I)148 is a cytosolic receptor that has specificity for RNAs containing a 5’ triphosphate, 

which is indicative of a viral RNA.142 RIG-I has interplay with RNA polymerase III, which converts 

foreign DNA to RNA for downstream detection.149 This makes RIG-I a direct sensor of RNA, and 

an indirect sensor of DNA. Melanoma-differentiated gene 5 (MDA5) is a cytosolic receptor that 

specifically targets longer dsRNAs.150-151 Although more is known about the ligands of RIG-I than 

MDA5, research has demonstrated a clear discrimination of the two by length, with RIG-I detecting 

shorter sequences, and MDA5 detecting longer sequences.152 Furthermore, MDA5 has a preference 

for RNAs with higher-order structures.153 The final of the major cytosolic RNA receptors, 

Laboratory of Genetics and Physiology 2 (LGP2), likely has strong interplay with RIG-I and 

MDA5, as it lacks adaptor domains for further downstream signaling.154 Contradicting studies have 

shown that LGP2 acts as both a positive and negative regulator of the other cytosolic receptors 

RIG-I and MDA5.155-156 

Another sensor of DNA, cyclic GMP-AMP Synthase (cGAS) works in tandem to respond 

to foreign DNA.157 cGAS functions by binding to dsDNA and synthesizing cyclic GMP-AMP 
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(cGAMP), which then acts as a potent activator of stimulator of interferon genes (STING), which 

proceeds downstream to produce pro-inflammatory cytokines and type one interferons.158 

The discussed receptors comprise the bulk of the cellular immune response to foreign 

nucleic acids, with interplay and crosstalk between them highly important for coherent function.159-

162 Together, these receptors their cascade proteins make an immune response possible against 

nucleic acids. 

1.2 Nucleic acid therapeutics 

1.2.1 Anti-sense oligonucleotides and RNA interference 

RNAi is a post-transcriptional phenomenon that results in temporary reduced expression 

of a particular protein and in general, RNAi has evolved for two purposes: immune defense and 

gene expression regulation. Alternatively, anti-sense oligonucleotides (ASO) are ssRNA or 

chemical analogs that operate via selective binding to their reverse complement mRNA and reduce 

their translation by steric hinderance, either blocking translation directly, or altering mRNAs 

splicing.  

First identified in the late 1970s, ASOs have been well-studied and improved over the 

decades.163 This approach of inhibiting translation of target mRNAs is unique in that the ASOs can 

be composed of either DNA or RNA, so long as it binds effectively to their target mRNA.164-166 

This binding can alter translation in several ways, either directly or indirectly. Firstly, ASOs can 

operate by directly blocking translation via steric hinderance.167-168 These are often designed to bind 

to their target mRNA near the start codon of a gene, blocking interaction between the mRNA and 

the ribosome. Secondly, ASOs can function by inhibiting splicing in diseased genes. For example, 

an ASO can bind to and block a splice site in a gene with a mutated splicing site, disabling the 

splicing and maturation of the target mRNA, thus inhibiting its further translation into protein.169-

172 Thirdly, ASOs can operate by preventing the 5’ cap on mRNA from forming.173 7-methyl 

guanosine is necessary for both nuclease protection as well as translation initiation. Finally, ASOs 

(specifically DNAs) can function by recruiting RNase H to the target ASO/mRNA hybrid, thus 
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inducing mRNA degradation.168, 174 RNase H is an enzyme which selectively degrades RNA in a 

DNA/RNA hybrid; therefore, this is a highly effective method because after mRNA degradation, 

the intact DNA ASO is released to repeat this action and further reduce translation. 

Several ASOs have been approved for clinical use, with many more in clinical trials. 

Currently, there are six FDA approved ASO-based therapies for a range of diseases. The first ASO, 

approved by the FDA in the late twentieth century, was fomiviseran, a phosphorothioate DNA 

oligonucleotide designed for the treatment of cytomegalovirus retinitis.175-176 Additional approved 

ASO therapies target diseases such as hypercholesterolemia, liver diseases, muscular dystrophy, 

macular degeneration, and spinal atrophy.177-182 Interestingly, these pharmaceuticals use the same 

treatment (ASO inhibition of translation) for treating very different ailments. 

Beyond antisense therapies, RNAi has been extensively investigated for the treatment of 

various diseases. As a therapeutic, RNAi drugs including siRNA, miRNA, and short-hairpin RNAs 

(shRNAs) can be used to knockdown target genes of mutated proteins, induce cell death, or regulate 

cellular pathways. Despite its efficacy, there are only two currently FDA approved siRNA-based 

therapies: Patisiran, an siRNA used to treat polyneuropathy,183-184 and Givisoran, an siRNA used to 

treat acute hepatic porphyria.185-186 Although only two siRNA-based therapies have been FDA 

approved, there are several more RNAi inducers in clinical trials, which have great promise for 

treating complex diseases.187 While siRNAs are often transfected directly, or transfected as longer 

dsRNAs that can be processed by the enzyme dicer, shRNAs are introduced in the form of DNA to 

be transcribed for their action.188-189 

The broad-acting nature of miRNAs makes them ideal candidates for the treatment of 

various diseases as well. This includes both using miRNAs as therapeutics, or targeting the 

endogenous miRNAs.190 The expression of various genes can be modified by using synthetic 

miRNA mimics, which have the same effect as their endogenous counterparts including 

downregulating coding genes or transcription factors.191-192 As a therapeutic, miRNA mimics have 

been considered for cancers due to their role in regulating tumor growth,193 as well as anti-viral 
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activity.194 Considering their role in protein expression and epigenetics, the inhibition of miRNAs 

for therapeutic activity has also been investigated. Using anti-miRNAs (antagomirs), an anti-sense 

adjacent approach was designed to reduce the efficacy of endogenous miRNAs.195 Both 

transfection of miRNA and inhibition of specific miRNAs have confirmed effective for treating the 

same disease, demonstrating the depth and width of miRNA activity in cellular regulation.194, 196 

While the principle has remained the same, improvements and alternative administration 

strategies to ASOs and RNAi inducers have led to more effective delivery, stability, and therapeutic 

efficacy. As with most oligonucleotide-based therapies, the main challenges include stability, 

delivery, and reducing off-target effects. One potent strategy for enhancing stability and therefore 

circulation time is the inclusion of chemical modifications to ASOs and siRNAs.197-199 The 

inclusion of phosphorothioate bonds to replace phosphodiester in the backbone of DNA is a popular 

strategy for ASOs as it greatly enhances their resistance versus nucleases. In both ASOs and 

siRNAs alike, modifying the sugar and bases can achieve enhanced stability, but several 

modifications have been shown to reduce silencing efficacy due to hinderance in RISC loading for 

siRNAs; therefore, careful consideration of chemical modifications is paramount for successful 

therapeutic design. Alternatively, carriers can be used to help deliver ASOs and siRNAs to their 

intended target cells. There are several nanoformulations aimed for the delivery of therapeutic 

nucleic acids.200-203 These carriers can be silica, lipid, polymer, or metal based. Several of these 

carriers have made it to clinical trials, yet safety and potency issues have limited others. 

1.2.2 Aptamers as therapeutics 

 Aptamers are single stranded oligonucleotides which are designed to have a high affinity 

for a specific target. Interestingly, aptamers can be designed to bind to nearly any target molecule, 

including sugars, dyes, proteins, or even whole cells. In fact, aptamers are often thought of as the 

nucleic acid mimic of antibodies, due to their high affinity for a specific target. Aptamers are 

designed through a process known as systematic evolution of ligands by exponential enrichment 

(SELEX).204-206 SELEX is a process in which an immense library of randomized nucleic acids is 
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incubated with a target ligand and surveyed for potential interactions. Due to the vast and diverse 

structures that nucleic acids can assume, the strands will have varying degrees of interactions with 

the target ligand. By repeatedly narrowing the library by removing non-interacting strands and 

strands interacting with non-intended targets, a small panel strands with high specificity towards 

the target molecule can be generated. The result is an oligonucleotide which binds with high affinity 

and specificity to a target, which can then be utilized either in medicine or biological research. 

 In the biomedical field, aptamers can be used in a number of ways to either directly treat a 

disease or act as a targeting moiety for enhanced delivery.207-208 The most common methods in 

which aptamers are used therapeutically is their binding and inactivation or blocking of a specific 

receptor (similar to monoclonal antibodies),209 or their ability to deliver a therapeutic agent 

specifically to a target cell.210 These methods of therapy can be achieved both extracellularly or in 

cells, depending on the specific target and this strategy is common for aptamers selected to target 

cancers.211 For example, prostate-specific membrane antigen (PSMA) is overexpressed on cancer 

cells when compared to healthy prostate cells.212 As such, PSMA is used when specifically targeting 

cancer cells, and several aptamers have been designed against it.213-214 PSMA aptamers have been 

conjugated to various pharmaceutical agents, including peptides and chemotherapeutics.215-216 

Additionally, these aptamer/drug conjugates have been loaded onto nanoparticles for enhanced 

delivery and targeting.217-219 A library of aptamers has been selected and now available for targeting 

other cancer associated antigens or mutated receptors. 

 Extracellularly, aptamers have been designed for thrombosis and the treatment of vascular 

disease. Aptamers have been designed against thrombin, von Willebrand Factor, and Factor IXa, 

all of which are important for normal clotting in humans.220-224 As an example, thrombin binding 

aptamers have been designed to delay clotting time and have been shown to work extensively in 

vitro and in vivo. Furthermore, by using the reverse complement, the aptamers can be “turned off” 

and clotting is returned to normal.225-226  

 Together, aptamers present a powerful tool for the targeting or direct treatment of complex 
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diseases. Their ability to bind directly to a specific target, as well as their ability to be readily 

conjugated to other therapeutics make them prime candidates for treating a number of diseases. 

1.2.3 Immunostimulation from nucleic acids as a therapeutic approach 

 Immunomodulatory nucleic acids are just starting to find their niche in modern medicine 

and are being highly studied in research laboratories to treat a variety of diseases. Modulating the 

immune system is a common approach in medicine; vaccines are used to generate specific 

antibodies and create lasting immunity (more potently with the help of adjuvants), and engineering 

immune cells to work as anti-tumoral agents is now a promising approach. Alternatively, nucleic 

acids are only able to stimulate the innate immunity, and don’t produce memory cells, but can aid 

in adaptive responses if other receptors are stimulated.227 By targeting any number of specific cell 

receptors, immunomodulatory nucleic acids can provoke an immune response to produce 

inflammation, cause specific cell proliferation, or start a cascade of cytokines for further action.228 

Stimulating nucleic acid receptors in immune cells can have a number of effects on their 

proliferation and gene expression. As such, one strategy for enhancing immune activity is the 

delivery of TLR agonists to immune cells. It has been demonstrated that TLR stimulation in 

dendritic cells leads to their activation and maturation, while TLR stimulation in B cells leads to 

enhanced differentiation into anti-body secreting plasma cells.229-230 In plasmacytoid dendritic cells, 

TLR stimulation leads to increased secretion of type I interferons, as well as an increase in the 

expression of co-stimulatory molecules such as CD80 and CD86.231-232 Due to the complex 

interwoven nature of the immune system, this is expected to initiate a broad range of downstream 

effects including the further secretion of cytokines from neighboring cells, expansion of T-cells, 

and activation of natural killer cells.233-235 

The above consequences of TLR activation makes using immunomodulatory DNAs or 

RNAs to elicit an immune response in tumors a viable approach for turning the immune system 

against cancer. Researchers have demonstrated activation of natural killer cells by RNA-based 

TLR7 agonists (delivered via lipid based nanoparticles) were able to exhibit enhanced anti-tumoral 
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responses in vivo.236 They have also demonstrated enhanced cytotoxic T-lymphocyte activity via 

increased IFN-γ production. In another study, researchers showed that RIG-I activation (via RNA 

5’-triphosphate) in combination with specific gene silencing using siRNAs delivered via 

polyethyleneimine (PEI) was able to produce anti-tumoral effects in cutaneous melanomas as well 

as colon carcinomas.237 Several other studies have shown the use of TLR9 agonists both alone and 

in tandem with other therapeutics to treat cancers. By itself, TLR9 agonists have been shown to 

upregulate expression of MHC molecules on malignant B cells, increasing their ability to stimulate 

T cells and providing a more robust response.230, 238 Combinatorial therapy with TLR9 agonists and 

both antibodies or chemotherapies have shown increased efficacy in treating non-Hodgkin’s 

lymphoma and non-small cell lung cancer, respectively.239-245 

Another major strategy for using nucleic acids in immunotherapy is the co-delivery of an 

immunostimulatory nucleic acid with an antigen peptide. This has been demonstrated to greatly 

enhance the proliferation of antigen-specific T cells against the target peptide. In one study, TLR9 

agonist (unmethylated CpG DNA) was co-delivered with peptide MART-1 for the melanoma, and 

it resulted in a 10-fold increase in anti-gen specific CD8+ cells against the target antigen.246-247 In 

more recent developments, nanoparticles containing both peptide antigens and CpG 

oligonucleotides were shown to guarantee co-delivery of both for enhanced antigen presentation.248-

249 Furthermore, another group demonstrated the use of gold nanoparticles to generate spherical 

nucleic acids, which showed enhanced immunomodulatory activity.250 

Overall, nucleic acids can be used in a variety of strategies to combat complex diseases. 

The combination of specific targeting, gene silencing, and immunomodulation, which can all be 

combined in one molecule, make nucleic acids a prime candidate for the treatment of nearly any 

disease or disorder. 

1.3 Nucleic Acid Nanotechnology 

 The combination of the aforementioned properties and functionalities has led to a new field 

called nucleic acid nanotechnology. This field uses the folding and bonding principles of DNA and 
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RNA to fold into rationally designed, unique, nanoscale architectures which are capable of 

performing a designated task.251 Over the years, the field has evolved from simple assemblies with 

no function to complex, three-dimensional architectures that can be used as molecular machines, 

therapies, or scaffolds. These structures have shown advantages over traditional therapeutics such 

as biocompatibility, multivalence, tunable physicochemical properties, and have been trending 

towards relatively low cost. 

1.3.1 Rational design and computed assisted strategies 

 Early designs of nucleic acid nanoassemblies focused mainly on organizing DNA into 

controlled  structures such as branched junctions and lattices.252-254 In its nascence, these assemblies 

demonstrated some of the first uses of natural biomolecules in bottom-up assembly of nanoscale 

materials.252-253 As strategies advanced, simple functional DNA-based materials were designed, 

including nanomechanical devices and rudimentary DNA walkers.255-257 In the past decades, new 

classes and design methods of nucleic acid nanotechnology began to emerge.258-259 Novel 

architectures wowed the scientific community with familiar images of smiling faces, stars, and 

triangles self-assembled from DNA strands in a technique now known as DNA origami.260-261 At 

the same time, early RNA nano-designs began making their debut, with RNA tectonics (or tecto-

RNA) facilitating the design of novel RNA nanostructures through combining motifs.262 

 DNA origami and tecto-RNA demonstrated early abilities for precise bottom-up nucleic 

acid nanodesign.260, 263 Since then, the two fields, DNA and RNA nanotechnology, have move 

largely in tandem, with ever-increasingly complex designs being developed to answer critical 

questions in medicine, materials, and molecular biology.251, 264 

 DNA origami works on the principle of using one large (initially virally derived using the 

M13mp18 virus) scaffold ssDNA to fold at the direction of numerous smaller staple ssDNAs.260, 

265 Changing the staple strands and leaving the scaffold constant allows for the design of countless 

structures.260 Since then, a variety of two-dimensional structures generated by DNA origami have 

been demonstrated, including letters of the alphabet and various common symbols.266-267 Beyond 
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these structures, three-dimensional DNA assemblies have been designed, including those 

exclusively made of DNA, and those which can coordinate other molecules to fold into three-

dimensional structures.268-270 For DNA-exclusive structures, several basic design strategies can be 

employed, including extending DNA origami through either stacking of two-dimensional sheets or 

combining smaller three-dimensional unit cells. Furthermore, wireframe DNA nanostructures have 

been designed by incorporating a triangulated three-dimensional mesh of dsDNA.271 

 Expanding beyond DNA exclusive materials, the incorporation of various organic 

molecules, transition metals, polymers, lipids, intercalating agents, or even other nanoparticles can 

facilitate the generation of a greater library of nanostructures.272-275 These structures can be 

designed in two directions, either using DNA to organize the complementary material, or using the 

material to coordinate the DNA. These DNA-based supra-assemblies have applications in medicine 

and materials alike. 

 Analogous to DNA, RNA nanotechnology began with two-dimensional lattices and 

expanded thereafter.276 Despite their molecular similarities, consequences of the 2’ hydroxyl group 

causes vast differences in the resulting molecule, demonstrated simply by their roles in molecular 

biology and RNA tertiary structures are complex and their prediction is problematic. As such, 

researchers take inspiration from natural biology, allowing natural evolution to guide their basic 

design. This idea was first brought forth through RNA tectonics, which aims at constructing 

libraries using RNA mosaic units to create molecules with designed shapes and properties.262 In 

fact, a “Jigsaw Puzzle” RNA nanostructure, among the first reported RNA nano-designs, 

incorporated motifs taken from HIV genomes and ribosomal derived structures.276 In another 

approach, a library of RNA nanostructures was designed by simply orienting the bacteriophage 

phi29 motif in different orientations to produce dimers, trimers, tetramers, and beyond in different 

orientations.277-280 Despite the rigor of prediction, approaches used to construct DNA 

nanostructures can often times be applied to RNA nanostructures, such as junctions, branches, 

bundles, and twisted bundles. Furthermore, examples of RNA origami have been demonstrated, 
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expanding the domain of RNA nanotechnology.281-282 

 RNA tectonics made generation of complex nanostructures a reality, but limitations still 

existed beyond using evolutionarily prepared motifs. As computational power has increased, the 

ability to predict intricacies in RNA structure has too. The simple nature of Watson-Crick base 

pairing makes predicting DNA structures a facile task; however, pseudoknots, non-canonical 

pairing, loop-loop, and other extraneous interactions makes predicting RNA structures a 

challenging feat. Furthermore, the contributions of metal ions to RNA stabilization needs to be 

accounted for, and can play a major role in structure formation. To address these challenges, many 

programmers and mathematicians have aided the field with programs to predict RNA secondary 

and tertiary structure. These programs, including Mfold283-285, Hyperfold286, NUPACK287-289, and 

Nanotiler290, have aided RNA nanotechnologists in streamlining rational design for various facets 

of research. Despite advances, perfecting RNA structure prediction eludes researchers. 

 With these advances, numerous DNA, RNA, and DNA/RNA hybrid nanostructures have 

been designed and assembled including two-dimensional long-range structures such as tiles, sheets, 

and bundles.254, 291-293 Additionally, RNA has the advantage of being assembled co-

transcriptionally, when RNA structures fold and interact while individual RNA strands 

simultaneously being transcribed.. Three-dimensional designs have been demonstrated, with a 

variety of shapes and structures incorporating several RNA exclusive motifs or structures. For 

example, cubic RNA nanoparticles have been designed which use exclusively Watson-Crick base 

pairing, incorporating six individual RNA strands into a nanostructure of only 10 nm.294 

Furthermore, a ring-like structure was designed incorporating HIV-like kissing loops which assume 

near-perfect 120o geometry.295-296  

In another approach, the bacteriophage phi29 motif was used in numerous orientations to 

allow for the generation of dozens of shapes with well-defined and predicted properties and sizes 

via one-pot assembly .297 Several RNA structural motifs have been incorporated into nano-

assemblies, allowing for a myriad of shapes including polygons, hearts, stars, and beyond.298-300 In 
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fact, using exclusively DNA and/or RNA, the repertoire of nanostructures that can be assembled is 

nearly infinite.301 Some DNA and RNA nanoparticles are schematically demonstrated in Figure 

4A. 

 Beyond static structures, DNA and RNA can be used to design dynamic machinery. The 

Watson-Crick base pairing predictability of nucleic acids allows for the generation of logic gates, 

switches, and various molecular machines.302 Early designs used isothermal strand displacement to 

fuel reactions, generating desirable products downstream for biosensing or therapeutics, or to cause 

a physical or chemical change in a product.303-305 This has been achieved for simple hybridization 

reactions to generate new structures based on strand input.306-307 For example, DNA tweezers have 

been designed, using FRET as an output for their completed action.303 This approach has been used 

to generate a series of functional designs, wherein the generation of a therapeutic product is 

achieved through strand displacement caused by a related input.308-311 Furthermore, researchers 

have used strand displacement to cause shape-switching in nucleic acid nanostructures.309, 312-315 In 

addition to strand displacement, other strategies such as pH responsive,316 biomarker-dependent,317 

and light-activated318-320 dynamic nucleic acid-based structures have also been designed. 

Outside of direct therapeutics, walkers and molecular machines have also been designed, 

using strand displacement to physically move cargo across a surface.321-322 Both single-step and 

mutli-step walkers have been achieved, with increasingly complex strand displacement 

mechanisms to achieve a greater depth of motion.323 Expanding on this strategy, and taking 

advantage of advances in folding prediction, complex logic gates and cascade pathways have been 

designed, activating recoverable products for biosensing purposes.306, 324 These strategies have since 

been incorporated into nucleic acid nanostructures for further advancements. 

 Advancements in nucleic acid structure resolution and prediction have expanded the 

breadth of nucleic acid nanostructures. Beginning from simple junctions and branches, 

improvements have made the generation of complex three-dimensional structures a reality, using 

DNA origami, RNA tectonics, and rational design complemented by computed assisted structure 
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prediction. Furthermore, incorporating dynamic activity into these once static designs greatly 

expands the scope of their utilization, and further functionalization with therapeutics will aid in 

realizing their potential. 

1.3.2 Therapeutic nucleic acid nanotechnology  

 As discussed earlier, several nucleic acid-based pharmaceuticals are currently approved by 

the US Food and Drug Administration (FDA), with several more in clinical trials.325-327 In addition 

to their therapeutic applications, anti-sense oligonucleotides, RNAi inducers, immunostimulatory 

oligonucleotides, and aptamers have become commonplace in laboratories as tools for molecular 

biology. Although these approaches hold great potential, hinderances such as off-target activity, 

immunostimulation, and degradation have retarded their procession from lab to clinic. Nucleic acid 

nanotechnology presents many opportunities to answer these issues. Incorporation of multiple 

therapeutics, capability of multivalence, and resistance versus degradation have all been achieved 

to enhance the therapeutic capability traditional therapeutic nucleic acids. 

 RNAi through various moieties has been shown to be effective for reducing expression of 

target proteins. RNAi inducers, such as siRNA, miRNA, and shRNA are prone to enzymatic 

degradation from intracellular and extracellular nucleases.328 Furthermore, off-target effects in non-

target cells can be an issue in therapeutic RNAi inducers.329 Incorporation of RNAi inducers into 

nucleic acid nanostructures is an approach to remedying these issues. By simply extending the 

constituent strands of a NANP, incorporation of several different RNAi inducers is possible, thus 

creating a multivalent platform for a combinatorial approach. For example, pRNA-3WJ RNA 

nanoparticles were designed with incorporated siRNA against BRCAA1 gene to treat gastric 

cancer.330 This strategy was further extended for other cancers and demonstrated effective 

treatment.331-332 In another study, RNA ring structures were designed to carry six different siRNAs 

against HIV-1.333 Furthermore, different nanostructures have been designed to incorporate many 

siRNAs, including against green fluorescent protein (GFP) and RhoA.312, 334-336 They have also been 

demonstrated to carry anti-miRNAs to regulate miRNA influence, such as anti-miR-21.337 
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 In addition to rationally designed NANPs carrying RNAi inducers, RNA nanoparticles 

created by rolling circle transcription can generate mesh-like nanoparticles with repeats of 

transcribed siRNA.338-339 Often referred to as micro sponges, these densely packed RNA spheres or 

sheets can carry vast amounts of RNAi inducers in efficient nanoparticles. This was demonstrated 

for the efficient knockdown of luciferase and GFP, as well as several therapeutically relevant 

targets. 340-342 Varying the conditions in which the transcription takes place allows for tuning of the 

nanoparticles size, adding an additional layer of customizability to this technology. 

 Aptamers have been incorporated into NANPs for several reasons. Firstly, targeting of 

specific cells by aptamers could greatly reduce off-target effects. As such, surface markers on 

diseased cells are often one of the most commonly desired targets. Aptamers against various targets 

have been incorporated onto NANPs, including those against glioblastoma, breast cancer, prostate 

cancer, ovarian cancer, and lymphoma.331, 333, 343-344 In an analogous technology, folic acid has been 

conjugated onto NANPs, as many cancer cells have been shown to over express folic acid receptors, 

allowing for enhanced targeting.345 Aptamers incorporated into nucleic acid nanoparticles can also 

be used as a biosensor for detection of specific inputs.312, 315, 324 Beyond their targeting capabilities, 

the ability for aptamers to bind to a specific target makes them amenable for target inhibition. Using 

NANPs to carry multiple aptamers for targeted inhibition could enhance targeting and increase 

stability. 

 Nucleic acids can generate a robust immune response, starting from detection by either 

PRRs in the endosome or the cytoplasm. These conserved receptors, described in detail above, have 

evolved to detect specific molecular patterns, such as ssRNA, dsRNA, or CpG motifs. Although 

research has elucidated the mechanisms by which simple and natural nucleic acid structures are 

recognized, understanding the interactions between the immune system and engineered nucleic acid 

nanostructures has been of particular interest in recent years. Mentioned above are several 

approaches in which nucleic acid agonists are used to provoke a PRR dependent immune response 

for therapeutic function. Incorporation of immunostimulatory nucleic acids, such as CpG DNA, 
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have been incorporated into various NANPs.346-347 Beyond the addition of immunostimulatory 

motifs, immunorecognition of a NANP was found to be determined by its structure and 

composition. In one study, the surveying of an entire panel of NANPs revealed that globular, RNA-

based NANPs are amongst the most immunostimulatory, with minimal effect from sequence.312, 348 

Further studies used quantitative structure activity relationship (QSAR) to mathematically show a 

positive correlation between NANP stability and size to its immunostimulatory potential.349 

Furthermore, it has been demonstrated that the addition of siRNAs to a given scaffold NANP can 

greatly increase its immunostimulation.350 These properties were found to be consistent for several 

carriers, including mesoporous silica nanoparticles and polymeric nanoparticles.334 

1.3.3 Delivery of therapeutic nucleic acid with nanotechnology 

 Despite enhanced stability granted by engineered structures in NANPs, serum degradation 

and off-target effects remain an issue. To combat this, different synthetic and biological carriers 

have been utilized to deliver DNA and RNA functionalities, with the goal of enhancing cellular 

uptake, complex circulation, and nucleic acid stability for enhanced efficacy.351 The breadth of 

therapeutic nanoparticles, even just those incorporating nucleic acids, is vast and cannot be covered 

in its entirety. 

 Several issues hinder effective therapeutic action for nucleic acids when administered in 

patients. The perils of an administered nucleic acid are many and varied, from difficulties traveling 

to their target organ, to assaults from ubiquitous nucleases.351 Tissue barriers prevent complete 

circulation to target organs, and the negative overall charge on nucleic acids makes crossing these 

barriers challenging; as such, most non-active targeting therapeutics rely on the enhanced 

permeability and retention effect (for cancers).352 The vascular endothelial barrier is amongst the 

most challenging for intravenously deliver nucleic acids, which can preclude the therapeutic nucleic 

acids from arriving at their target.353-354 In the case of successful circulation, larger nucleic acids 

(and other foreign entities) risk being detected by the reticuloendothelial system, leading to 

passivation by phagocytic cells.355 However, in most cases, the generally low mass of therapeutic 
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nucleic acids makes them susceptible to renal excretion.356 To address these challenges, various 

nanoscale carriers have been developed. These nanoparticles can be composed of various chemical 

make-ups, including lipid nanoparticles, polymeric nanoparticles, or inorganic nanoparticles, all of 

various flavors. Consequently, all of these nanoparticles have different properties, varying in size, 

charge, and loading capacity, all of which have consequences for their biodistribution and 

therapeutic efficacy. Several of these nanoparticles are demonstrated in figure 4B. 

 Lipid nanoparticles have received tremendous attention due to their ubiquity in nature, 

ability to self-assemble, and readiness to complex with nucleic acids; in fact, lipid nanoparticles 

Figure 4. (A) Schematic representation of DNA and RNA 

nanoparticles. (B) Schematic representation of several nanocarriers. 

(C) Surface modifications of nanoparticles allowed for enhanced 

targeting and tunable physicochemical properties. 
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are amongst the highest investigated nanoparticles for the delivery of nucleic acids.357-358 There are 

several clinical trials involving the delivery of nucleic acid therapeutics with lipid nanoparticles.359-

361 Despite their popularity, several clinical trials have ended due to unexpected toxicity from these 

complexes.361 The toxicity is speculated to be due both to immune responses, as well as interactions 

between the cationic lipids in the nanoparticle interacting with cellular membranes.362-363 

 Efforts have been made to lower their toxicity such as coating in PEG or using more neutral 

lipids.364 Additional studies have used antibodies for targeting specific ligands.365 Overall, several 

studies have shown effective delivery of nucleic acids using lipid particles, including delivery of 

siRNA targeting KRAS, several miRNAs, and anti-sense oligonucleotides.366-369 Despite advances, 

issues including toxicity, opsonization of serum proteins, and endosomal escape remain issues. 

 Polymeric nanoparticles have made progress towards effective delivery of therapeutic 

nucleic acids as well, though they have not yet reached the level of clinical trials.370 Thus far, 

various polymeric nanoparticles have been investigated, with the majority of those containing poly-

co-glycolic acid (PLGA), polycaprolactone (PCL), polyethyleneimine (PEI), and/or polyethylene 

glycol (PEG).371 Dendrimer nanoparticles composed of various polymers have been designed to 

grant additional control over size and composition.372 Branched structures allow for tuning of their 

size and charge, which further modifies their loading capacity. Natural polymers have been used to 

synthesize nanoparticles for biomedical purposes including alginate, chitosan, starch, and cellulose 

nanoparticles.373 Like all nanoparticles, their physicochemical properties can be tuned to determine 

their bio-related properties such as circulation time, biodistribution, drug loading, and immune 

response. An advantage of polymeric (and lipid) nanoparticles is the ability to either encapsulate a 

therapeutic payload, or use the payload to decorate the surface of the nanoparticle374. Because 

polymers can be natural immunostimulants, they have the potential to add an additional layer of 

customizability.375 

 Inorganic nanoparticles encompass a broad range of materials, including mesoporous silica 

nanoparticles (MSNs), metal nanoparticles, ceramic nanoparticles, and more.376 Because of the 
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wide range of their make-up and properties, they can vary greatly in task and efficacy. Particularly, 

MSNs have been used due to their extraordinarily high surface area and tunability.377 Size, pore 

size, surface reactivity, and drug loading can be tuned for specific tasks. Researchers have 

demonstrated the use of MSNs conjugated to antibodies, loaded with chemotherapeutics, or loaded 

with nucleic acids to combat various diseases.378-381 Furthermore, the chemistry to attach these 

therapies can be altered, resulting a trigger responsive release, or targeted treatments. Beyond 

MSNs, other inorganic nanoparticles such as iron-oxide, gold nanoparticles, and quantum dots have 

been used for the delivery of nucleic acids.382 Each contains their own advantages and 

idiosyncrasies. For example, gold nanoparticles and quantum dots exhibit unique spectral 

properties which can be used as biosensors, including surface plasmon resonance or broad 

absorbance and narrow emission. Iron oxide nanoparticles can be engineered to have desirable 

magnetic properties for combinatorial magnetically induced thermal therapy.  

 Overall, the abundance of available nanoparticles is diverse, allowing for desirable 

properties no matter the application. Choosing the correct nanocarrier is of paramount importance 

for the desired application. Furthermore, modifications to these nanoparticles such as polymer 

coatings, and aptamer or antibody targeting have facilitated enhanced efficacy (Figure 4C.) 

1.4 Dissertation summary 

 This dissertation aims to address key obstacles in the field of nucleic acid nanotechnology 

by identifying immunostimulatory properties of NANPs, advancing the delivery of therapeutic 

NANPs, and designing dynamic structures. These issues are prominent in the field of nucleic acid 

therapeutics, and extend into nucleic acid nanotechnology. 

 Chapter two is a study on a novel approach to dynamic NANPs. In this study, a NANP is 

designed to interact with its “anti-NANP” to undergo an isothermal strand displacement, causing a 

morphological shape change, as well as the activation of several functionalities. The anti-NANP is 

simply the reverse complement of the NANP, and assumes the same geometric shape and 

properties. Through this process, the activation of several functionalities is demonstrated to be 
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conditionally activated, including FRET, transcription, aptamer formation, and siRNA formation. 

Furthermore, it is physicochemical and immunostimulatory properties are studied, and shown to be 

readily tuned by alteration of the NANP by substituting RNA for DNA. 

Chapter three focuses on the immunostimulatory properties of NANPs. In this study, a 

limited library of polygons NANPs with similar design principles are compared. The set of sixteen 

NANPs compose of triangles, squares, pentagons, or hexagons composed of DNA, RNA or 

DNA/RNA hybrids. The physicochemical properties of the NANPs are measured and calculated, 

and a QSAR model is built based on preliminary immunostimulation results. Validation results 

verified the accuracy of the model, showing a positive correlation between NANP stability and 

mass with its immunostimulatory capabilities. 

Chapter four describes the use of a polymeric nanoparticle for the delivery of a suite of 

NANPs. The polymeric nanoparticle, PgP, has previously been demonstrated to effectively delivery 

nucleic acid cargo for therapeutic function. In this study, NANPs carrying siRNA against GFP and 

RhoA are demonstrated to silence their targets with high efficiency. Furthermore, the 

immunostimulatory properties of the NANPs are surveyed. Finally, the biodistribution of each 

NANP/PgP complex is studied. 

Together, these articles form a comprehensive sample on the current state of the field of 

DNA and RNA nanotechnology. In chapter five, concluding remarks are made, and a discussion of 

the field moving forward. 
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2 Chapter 2: Functionally-interdependent shape-switching nanoparticles with 

controllable properties 

2.1 Introduction 

Nucleic acids (RNA and DNA) have been acknowledged as an important building material 

for nanotechnology due to their biocompatibility and programmability. The option of both 

canonical and non-canonical base pairings tremendously expands the diverse set of RNA structural 

motifs available as building blocks1-13. Programmable multi-tasking as well as the ability to 

dynamically respond to the environment make nucleic acids an attractive material for tailor-made 

applications in both biotechnology and personalized therapy.  

In one decade, a wide array of artificially designed dynamic DNA assemblies have been 

shown to respond to a broader spectrum of physicochemical stimuli or ligands. Rationally designed 

DNA nanomachines can carry out a rotary motion by switching from B- to Z-DNA at high ionic 

strength14, sense the pH15-16, and respond to changes from visible to UV light17. DNA “walkers” are 

capable of directional movement based on strand displacement18-19, enzymatic activity20-21, or in 

accordance with the prescriptive DNA origami landscapes22. DNA boxes with a programmable lid23 

and DNA “nanorobots”24 can be used for delivery and release of different cargos. Recently, a DNA 

Figure 5. Schematics depicting the design principles of 

complementary nucleic acid nanoparticles. 
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cube that selectively forms a flat 2D structure after hybridization to a specific fusion gene that is 

characteristic for a prostate cancer cell line was engineered. While authors have demonstrated that 

the cubes are taken up by a number of cell lines, the dynamic response has only been shown in 

vitro25. Although numerous creative innovations of dynamic DNA nanoassemblies have been 

described, the majority are only functional in vitro and their immediate practical applications in 

living systems remain unclear.  

In addition to being carriers of genetic information, RNAs are now recognized to function 

as natural scaffolds, enzymes, switches, aptamers, and regulators of gene expression and editing. 

The emerging field of RNA nanotechnology applies the current knowledge related to the structure 

and function of natural and artificial RNAs to further address specific biomedical challenges by 

engineering nanodevices that can interact with cellular machinery2, 26. Building dynamic RNA 

nanoparticles that can communicate with one another will further improve the operation of 

functional systems. In fact, metabolite and cofactor responsive riboswitches and ribozymes as well 

as temperature-sensing RNA thermometers are some examples of dynamic RNAs autogenic in 

nature27-30. Recently, we reported two approaches of dynamic RNA31 and RNA-DNA hybrid32 

nanostructures that conditionally activate gene silencing in diseased cells in vitro and in vivo. The 

first approach is based on computer-generated two-stranded RNA switches that are activated only 

in the presence of specific mRNAs through interaction with a single-stranded (ss) RNA toehold of 

the switch31. The second approach is based on RNA-DNA hybrids with split-functionalities 

activated only when two complementary copies are introduced into the same cell. Strand exchange, 

with subsequent intracellular activation of functionalities, is promoted by the interaction of 

complementary ssDNA32 or ssRNA33 toeholds. This concept was further used by other research 

groups for various applications34-35. The simultaneous delivery and release of multiple 

functionalities was achieved by including them all into the longer hybrids36. Alternatively, RNA 

and/or DNA nanoscaffolds can be decorated with multiple hybrids and activated by adding 

individual cognate DNA/RNA hybrids37-38. This approach, however, requires the simultaneous 
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presence of the nanoparticle and six individual cognate hybrids in the same cell to activate six 

functionalities. While efficient, previously described nanodevices typically demand intensive 

computer-assisted design and the use of specifically programmed toeholds. 

Here, we set out to design a series of interdependent complementary nucleic acid 

nanoparticles that take advantage of dynamic interaction and shape-switching to activate multiple 

functionalities. As opposed to previously described work, this new approach does not require any 

toeholds to initiate the interactions and their design principles are simplified. Additionally, only 

two particles are required to simultaneously activate multiple functionalities. The novel interrelated 

nanoparticles are designed by simply taking the reverse complements of the existing RNA scaffolds 

and assembling them into the “anti-scaffolds,” as schematically explained in Fig. 9. As a proof of 

concept, nucleic acid cubes1 and their reverse complements, anti-cubes, are extensively 

characterized in this work (Fig. 6A). The interaction of cubes with anti-cubes at physiological 

conditions leads to conformational changes and to the swift formation of multiple duplexes or fibers 

that can further activate transcription, Förster resonance energy transfer (FRET), aptamers, and 

specific gene silencing. We show that the immunostimulatory activity, thermodynamic stability, 

resistance to nuclease degradation, re-association rate, and cost of production for complementary 

nanoparticles vary tremendously depending on their composition (e.g., DNA vs RNA). In addition, 

RNA hexameric rings39 and recently engineered RNA and DNA triangle40 scaffolds and their 

corresponding anti-scaffolds are explored.  

2.2 Methods 

2.2.1 Nanoparticle assembly and purification.  

All nanoparticles were assembled by combining individual monomer components in 

equimolar concentrations. For cubes, the mixture of oligonucleotides in double-deionized water 

(ddiH2O) was heated to 95 °C for 2 minutes, followed by snap-cooling to 45 °C and incubation 

for 20 minutes. For rings, mixtures were heated to 95 °C for 2 minutes, followed by snap cooling 

on ice for 2 minutes, and incubation at 30 °C for 30 minutes. An assembly buffer (1X 
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concentration: 89 mM tris-borate (pH 8.3), 2 mM MgCl2, 50 mM KCl) was added following the 

heating step to all assemblies. For triangular complexes the mixtures in TMS buffer (1X 

concentration:  50 mM tris (pH 8.0), 100 mM NaCl and 10 mM MgCl2) were heated to 80 °C for 

2 min and slow cooled (over 1 h) to 4 °C.  

For activation of co-transcriptional assembly of RNA cubes, DNA cubes (in Figure 2 

C6sP: dA-T7, dB-T7, dC-T7, dD-T7, dE-T7, dF-T7, tP4C at 1:1:1:1:1:1:6 ratio; at 100 nM final)  

and anti-cubes (in Figure 2 A6sP: anti-dA-T7, anti-dB-T7, anti-dC-T7, anti-dD-T7, anti-dE-T7, 

anti-dF-T7, tP4AC at 1:1:1:1:1:1:6 ratio; at 100 nM final) with six split promoters were either 

incubated individually or mixed together for 3.5 hours in the presence of T7 RNA polymerase, 

100 mM DTT, and transcription buffer (400 mM HEPES-KOH, 10 mM Spermidine, 200 mM 

DTT, 120 mM MgCl2). For co-transcriptional assembly of RNA cubes, DNA cubes (in Figure 2 

C6P: dA-T7, dB-T7, dC-T7, dD-T7, dE-T7, dF-T7, P4C at 1:1:1:1:1:1:6 ratio; at 100 nM final)  

and anti-cubes (in Figure 2 A6P: anti-dA-T7, anti-dB-T7, anti-dC-T7, anti-dD-T7, anti-dE-T7, 

anti-dF-T7, P4AC at 1:1:1:1:1:1:6 ratio; at 100 nM final) with six complete T7 promoters were 

incubated individually for 3.5 hours in transcription mixture. For purification, 8% non-denaturing 

PAGE (37.5:1) was used in the presence of 89 mM tris-borate, pH 8.3, 2 mM MgCl2. 

Nanoparticle bands were visualized with UV lamp (short wavelength), cut and eluted with 

assembly buffer for purification. The extinction coefficients of nanoparticles were calculated as 

the summation of extinction coefficients of individual sequences comprising them. 

Electrophoretic mobility shift assays were performed for all assemblies on 8% non-denaturing 

native PAGE (37.5:1, 2 mM MgCl2) and visualized with a Bio-Rad ChemiDoc MP System using 

total staining with ethidium bromide or fluorescently labeled oligonucleotides. Native-PAGE was 

run for 1 hour at 4 °C, 300 Volts. 

2.2.2 UV-melting experiments.  

Temperature-dependent absorption measurements were recorded at 260 nm on an Agilent 

8453 spectrophotometer coupled with the Agilent 89090 Peltier Temperature Controller. This 
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configuration contains a diode-array system to enhance the collection of all spectra. The instrument 

was calibrated by adding 100 µL of assembly buffer into a Starna Cells 100 µL sub-micro quartz 

fluorometer cell cuvette. Nanoparticles (compositions of cubes are shown in Fig. 7) were diluted 

in assembly buffer for a final concentration and volume of 250 nM and 100 µL, respectively. The 

temperature was gradually increased from 20-25 °C to 60-85 °C and the absorbance was recorded 

every 1 °C increment while the temperature was held constant for 10 seconds. The Aglient UV/vis 

software was used to plot the melting temperature (Tm) based on the average between the initial 

and final absorbance values selected from the temperature range from the initial increase of the 

slope until a plateau was observed. The data was analyzed using Origin® Pro 2016 Graphing and 

Analysis software with a Boltzmann sigmoidal curve fit. All experiments were repeated at least 

three times and presented as the mean ± SD. 

2.2.3 Kinetics of re-association determination.  

To determine the kinetics, gel purified Cy5-tagged DNA anti-cube (and Alexa 488 

labeled RNA cube) was mixed with different compositions of cubes (compositions of cubes are 

shown in Fig. 7) and were aliquoted at set time points to assess the extent of re-association. Based 

on the analysis of Tm curves, the relative rates of re-association were measured at 25 °C to ensure 

the complete assembly of all nanoparticles. For RNA cube and RNA anti-cubes, the re-

association was measured at 25 °C and at 37 °C.   In order to ensure the complete re-association, 

the cubes without fluorescent tags were used in 10X excess (1 µM final). Upon addition of the 

cubes, the solution was pipetted up and down rapidly and equal aliquots were taken at specified 

time points, mixed with equal volume of loading buffer (50% glycerol, 1X assembly buffer), and 

placed on dry ice to preserve the current stage of re-association. Samples were loaded in reverse 

order onto 8% native-PAGE at 4 °C. Results were visualized with a Bio-Rad ChemiDoc MP 

System with a Cy5 filter. The bands were quantified to determine the re-association kinetics using 

Image Lab ™ Software. All experiments were repeated at least three times and presented as the 

mean ± SD.  
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2.2.4 Primary human peripheral blood mononuclear cell and whole blood culture for 

analysis of interferon and cytokine secretion.  

Blood from pre-screened healthy donor volunteers was collected under National Cancer 

Institute, Frederick Protocol OH99-C-N046 using BD vacutainer tubes containing Li-heparin as 

the anticoagulant. The blood was used within 1-1.5 h after collection and was kept at room 

temperature (RT). Whole blood was used for the analysis of chemokines and pro-inflammatory 

cytokines, while PBMC cultures, in which myeloid cells producing type I interferon are more 

concentrated than in whole blood, were used for the analysis of type I interferon. The cultures were 

performed according to the standardized protocol NCL-ITA-10 

(http://ncl.cancer.gov/NCL_Method_ITA-10.pdf). Supernatants were analyzed using a 

chemiluminescence based multiplex system (Quansys, Logan, UT) according to the manufacturer’s 

instructions. Two independent samples were prepared for each nanoparticle (compositions of RNA, 

RNA/DNA and DNA cubes were the same as shown in Fig. 7) and tested in at least two individual 

donors. Each supernatant was analyzed in duplicate on multiplex plate. The positive control for 

interferon assays was a synthetic class A CpG oligonucleotide ODN 2216. Bacterial 

lipopolysaccharide (LPS) from E.coli strain K-12 was used as positive control for whole blood 

assay measuring pro-inflammatory cytokines. Presented is the mean ± SD of individual samples 

(N=2) for each individual donor. 

2.2.5 Nuclease digestion assays.  

Assembled nanoparticles (compositions of cubes are shown in Fig. 7) containing either 

RNA or DNA strands labeled with Alexa 488 at the 3’-end were used in chemical stability studies. 

For RNase digestion assays, RNase If (New England Biolabs) that cleaves at all RNA dinucleotide 

bonds leaving a 5´ hydroxyl and 2´, 3´ cyclic monophosphate, was used according to the 

manufacturer’s protocols. For DNase digestion assays, RQ1 RNase-free DNase (Promega) that 

cleaves both double-stranded and single-stranded DNA endonucleolytically, producing 3´-OH 

oligonucleotides, was used according to the manufacturer’s protocols. For blood stability assays, 

http://ncl.cancer.gov/NCL_Method_ITA-10.pdf
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freshly drawn human blood serum (blood was allowed to coagulate, then spun down and 

supernatant was collected) was immediately aliquoted and frozen at -80 °C. Different Alexa 488 

labeled nanocubes (assembled at 1 µM final) were incubated with RNase, DNase at 37 °C for 10 

min, and with 1% (v/v) human blood serum at 37 °C for 3 min. The bands of treated samples were 

quantified using Image Lab ™ Software and compared to the bands of corresponding untreated 

nanoparticles to determine the relative degradation. All experiments were repeated at least three 

times and presented as the mean ± SD. 

2.2.6 Computational predictions and 3D modeling.  

Computational predictions of Tms were performed for the different combinations of RNA 

and DNA strands using the HyperFold program. Predictions were performed at temperatures 

between 20 °C and 70 °C using steps of 2 °C intervals. For each temperature, the free energy 

corresponding to the ensemble of all nucleic acid structures for which all six strands are forming a 

complex was computed. Using linear interpolation, the temperature corresponding to a free 

energy of zero was determined.  Additional structure predictions were performed at 10 °C in 

order to obtain the idealized secondary structures shown in Figure 9. 

The all-RNA cube model is identical to that which was built with the aid of our program 

called NanoTiler, (https://binkley2.ncifcrf.gov/users/bshapiro/software.html) and scaled to bring 

it into better agreement with the experimental data1, 2. The RNA/DNA hybrid cubes and DNA 

cube models utilize the RNA cube as a spatial reference, but were created independently in 

PyMOL Molecular Graphics System (Schrödinger, LLC., http://www.pymol.org/) with custom 

scripts connecting B-form (pure DNA) and A-form (Hybrid and pure RNA) helices and single-

stranded corner linker fragments pre-generated in Accelrys Discovery Studio Visualizer 4.0 

(Accelrys Software, Inc; http://accelrys.com).  The DNA/RNA hybrid cube model shown in 

Figure 1B that was built from 3 RNA and 3 DNA strands mixes the B-form and A-form helices in 

one cube (2 pure DNA B-form helices, 2 pure RNA A-form helices and 8 DNA/RNA helices). 

All preliminary models were structurally cleaned-up with implicit solvent Generalized Born 

https://binkley2.ncifcrf.gov/users/bshapiro/software.html
http://www.pymol.org/
http://accelrys.com/
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energy minimization in Amber14 with the RNA and DNA specific components of the force field 

ff14SB3-8. In addition, all models were subjected to 50 ns long explicit solvent molecular 

dynamics (TIP3P water model, Berendsen thermostat, PME method for long distance interactions 

and 9Å non-bonded cutoff9-11 simulations) that verified their robustness, i.e. maintenance of the 

designed base pairing under full cube dynamic distortions (results not shown).  

The RNA, RNA/DNA, and DNA cube models were built using PyMol. The triangle models 

were built with the aid of NanoTiler (https://binkley2.ncifcrf.gov/users/bshapiro/software.html).  

2.2.7 Activation of FRET 

 To determine the re-association of nanoparticles in vitro, FRET measurements were 

performed using a FluoroMax3 (Jobin-Yvon, Horiba). For all measurements, the excitation 

wavelength was set at 460 nm and the excitation and emission slit widths were set at 2 nm. For 

tracking the DS RNA formation, DS sense and antisense strands were modified with Alexa 488 

and Alexa 546 fluorophores, respectively. To follow the kinetics of re-association, purified DNA 

nanoparticles containing DS sense strands were first incubated for two minutes at 37 °C and 

nanoparticles assembled with DS antisense strands were then added in equimolar amounts. At 460 

nm excitation, the emissions were simultaneously recorded at 520 nm and 570 nm every 30 seconds 

to follow the DS RNA formation through FRET. This was completed for nanoparticles with and 

without Lipofectamine 2000 (L2K) added in the concentrations corresponding to the transfection 

experiments. For reporter DNA release in co-transcriptional production experiments, static 

measurements were performed after 3 hours of incubation of equimolar amounts of the two 

fluorescently labeled DNA nanoparticles. Since the reporter strands are relatively short (tP4C: 5’-

ATAGTGAGTCG-Alexa 488; tP4AC:5’-Alexa 546-CgACTCACTAT) with Tms below 37 °C, 

FRET was measured at 20 °C. Low Tm can also explain the appearance of two bands, due to 

melting, on re-association gel in Figure 2B. 

2.2.8 AFM imaging and sample preparation 

To determine the re-association of nanoparticles in vitro, FRET measurements were 
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performed using a FluoroMax3 (Jobin-Yvon, Horiba). For all measurements, the excitation 

wavelength was set at 460 nm and the excitation and emission slit widths were set at 2 nm. For 

tracking the DS RNA formation, DS sense and antisense strands were modified with Alexa 488 

and Alexa 546 fluorophores, respectively. To follow the kinetics of re-association, purified DNA 

nanoparticles containing DS sense strands were first incubated for two minutes at 37 °C and 

nanoparticles assembled with DS antisense strands were then added in equimolar amounts. At 460 

nm excitation, the emissions were simultaneously recorded at 520 nm and 570 nm every 30 seconds 

to follow the DS RNA formation through FRET. This was completed for nanoparticles with and 

without Lipofectamine 2000 (L2K) added in the concentrations corresponding to the transfection 

experiments. For reporter DNA release in co-transcriptional production experiments, static 

measurements were performed after 3 hours of incubation of equimolar amounts of the two 

fluorescently labeled DNA nanoparticles. Since the reporter strands are relatively short (tP4C: 5’-

ATAGTGAGTCG-Alexa 488; tP4AC:5’-Alexa 546-CgACTCACTAT) with Tms below 37 °C, 

FRET was measured at 20 °C. Low Tm can also explain the appearance of two bands, due to 

melting, on re-association gel in Figure 2B41-42. 

2.2.9 Transfection of human cell lines 

 For cell culture experiments with nanoparticles, human breast cancer MDA-MB-231 (with 

or without eGFP), human prostate cancer PC-3, and human cervical cancer HeLa cell lines were 

grown in D-MEM (MDA-MB-231 and Hela) and RPMI (PC-3) media at 37 °C in a 5% CO2 

incubator. The media was supplemented with 10% FBS and penicillin-streptomycin. All 

transfection experiments were carried out using L2K purchased from Invitrogen according to 

manufacturer’s protocol. Solution of purified nanoparticles (100X concentration) were pre-

incubated at RT with L2K for 30 mins. Prior to each transfection, the cell media was changed to 

OPTI-MEM (from RPMI or D-MEM) and prepared nanoparticles with L2K complexes were added 

to the final 1X concentration. The cells were incubated for 4 hours followed by a media change 

(RPMI or D-MEM). 
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2.2.10 Fluorescent microscopy 

To assess the intracellular interaction and shape change of nanoparticles, FRET 

measurements were performed using an LSM 710 confocal microscope (Carl Zeiss) with a 63x, 1.4 

NA magnification lens. PC-3 cells were plated in glass bottom petri dishes (Ibidi) and transfected 

with fluorescently labeled complementary cubes and anti-cubes used in FRET studies. The next 

day, the samples were fixed in 4% paraformaldehyde at RT. Images of the cells were then taken to 

assess the appearance of FRET within the sample. 

2.2.11 Flow Cytometry 

For specific gene silencing experiments, human breast cancer cells expressing GFP (MDA-

MB-231/GFP) were cultured at 2 x 104 or 3 x 104 cells per well respectively in either 12 or 24 well 

plates. 72 hours post-transfections, cells were removed from plates using trypsin, centrifuged, and 

re-suspended in 1X PBS. Silencing of GFP was assessed using BD Accuri C6 flow cytometer. Non-

treated cells were used as control. At least 15,000 events were collected for each sample and 

analyzed. CellQuest or the CFlow Sampler software were used to retrieve the geometric mean 

fluorescence intensity (gMFI) and the standard error of the mean. 

2.2.12 Cell proliferation assay 

The viability of cells after transfection with purified cognate nanoparticles designed to release DS 

RNAs against PLK1 and BCL2 was assessed through the CellTiter 96® Aqueous One assay 

(Promega, Madison) following manufacturer’s protocol. Upon addition of the CellTiter reagents to 

the cells in DMEM, the absorbance (490 nm) of the resorufin-forming compound was measured 

after three hours of incubation at 37 °C. 
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2.2.13 Statistics 

Statistical significance was determined using a Student’s two-tailed t-test conducted with GraphPad 

Prism Software. A p-value of less than 0.05 was considered to be statistically significant.  

Figure 6. Fine-tunable isothermal re-association of complementary shape-switching 

nanoparticles. (A) Schematic representation of re-association between the 

complementary cube and anti-cube nanoparticles. (B) 3D models of nanoparticles. (C) 

AFM images of RNA, RNA/DNA, DNA cubes and RNA anti-cube. (D) Experimental 

and predicted melting temperatures of nanoparticles controlled by their compositions and 

native-PAGE with corresponding assemblies. Error bars indicate s.d.; N=3 (E) Relative 

re-association rates of RNA, RNA/DNA, and DNA cubes with DNA anti-cubes measured 

at 25 °C and native-PAGE with corresponding re-associations visualized after 30 mins of 

incubation. Error bars indicate s.d.; N=3. (F) Relative stabilities of nanoparticles in the 

presence of DNase, RNase, and human blood serum. Results are normalized to 

corresponding non-treated samples. Error bars indicate s.d.; N=3. (G) 

Immunostimulatory properties of RNA, RNA/DNA, and DNA shape-switching 

nanoparticles delivered using Lipofectamine 2000. Error bars indicate s.d.; N=2. 

Statistically significant results (compared to PC) are indicated with asterisks (p-value < 

0.05).  For IL-1β and TNFα all results are statistically significant. In (D-E), note that the 

higher number of RNA strands per nanoparticle weakens the extent of total staining. 
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2.3 Results and Discussion 

2.3.1 Complementary nanoparticles have controlled rates of re-association and fine-

tunable thermodynamic, chemical, and immunogenic properties 

 An important feature of rationally designed cubes is their ability to efficiently assemble 

with different ratios of RNA and DNA strands entering their composition (Fig. 6B). This design 

flexibility together with the difference in physicochemical properties between RNA and DNA 

allows for fine-tuning of the thermodynamic, kinetic, and chemical properties of the interacting 

Figure 7. Melting temperatures measured by UV-melt for varying compositions of 

cube and anti-cube RNA, RNA/DNA, and DNA nanoparticles. EtBr total staining 

native-PAGE show the assemblies of corresponding compositions.  Error is presented 

as s.d.; N=3. 
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nanoparticles (Fig. 6D-F). To prove this concept, seven cubes with different ratios of RNA and 

DNA strands in their compositions were examined. It is worth mentioning that the costs of tested 

nanoparticles increase by approximately a factor of two with the introduction of each RNA strand 

into the assembly. The assemblies of all cubes were confirmed by non-denaturing polyacrylamide 

gel electrophoresis (native-PAGE) and visualized by AFM (Fig. 6C). The resolution of AFM does 

not allow for analysis of structural details of our assemblies, but all the cube nanoparticles appear 

to be uniform in size and shape and monodisperse. As expected, the relative thermodynamic 

stability of nanoparticles increased with the higher number of RNA strands introduced into 

assembly, with the melting temperatures (Tm) ranging from ~36 °C for DNA cubes to ~60 °C for 

Figure 8. Predicted free energy of nucleic acid cube structures (at 250 nM 

concentration) as a function of temperature. 
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RNA cubes. Computational predictions using the new version of Hyperfold31 accurately confirmed 

the experimental results (Fig. 6D and 7-8).  

Upon re-association of two complementary nanoparticles, the formation of duplexes 

Figure 9. Computationally predicted secondary structures of RNA cube, DNA anti-

cube and hybrid duplexes formed during their re-association. As described in the 

Methods section, secondary structure predictions were generated using HyperFold for 

a variety of different temperatures and different combinations of RNA and DNA 

strands. The depicted secondary structures are idealized secondary structures, but they 

are also identical to the secondary structures for low temperatures (10 °C). At higher 

temperatures, the predicted cube structures are similar, but some helices (especially 

helices consisting of only 4 or 6 base pairs) are predicted to be unfolded. This 

tendency is more pronounced for DNA strands compared to RNA strands. 
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consisting of cube and anti-cube strands was observed (Fig. 6E). The re-association of the 

equimolar concentrations of the cognate cubes after 30 mins of incubation was demonstrated via 

native-PAGE. The intact cubes had lower mobility compared to corresponding duplexes. The re-

association of cognate cubes was thermodynamically driven and did not require any toehold 

interactions (conclusions, Thermodynamics of re-associating cubes). As described in the Methods, 

secondary structures for different cubes and the products of their re-associations can now be 

automatically predicted and generated using HyperFold (Fig. 9). The kinetics experiments (Fig. 6E 

and 10) demonstrated the capability to directly alter the rates of re-association by changes in the 

nucleic acid makeup. The higher number of RNA strands in cube composition delayed the re-

association. As expected, the re-association of RNA cubes and RNA anti-cubes was the most 

retarded (t1/2~16 min, Fig. 18). This notion was supported by the measured Tms. The relative 

chemical stability and the resistance to nuclease degradation can also be tuned by changing the 

composition of cube (Fig. 6F).  

Although synthetic RNA and DNA nanoparticles are biodegradable and commonly 

considered highly biocompatible, various therapeutic RNA and DNA motifs have been found to 

trigger the human innate immune system, leading to the induction of pro-inflammatory cytokines 

and type I interferons, thus complicating the translation of these novel therapeutics from bench to 

clinic43. Consequences of such immune reaction may be severe and lead to the patient’s death. For 

example, the Phase I clinical trial of MRX34, a nanoparticle formulated miRNA, was halted in 

September 2016 due to the severe cytokine storm reaction in 5 patients participating in the study 

(http://investor.mirnarx.com/releasedetail.cfm?ReleaseID=990204). To estimate immunological 

compatibility of DNA and RNA cubes with varying ratios of RNA to DNA strands, we assessed 

the immune response to these particles. This was done in primary human peripheral blood 

mononuclear cell cultures by measuring the activation and secretion of type I interferon (IFNα) as 

well as various pro-inflammatory cytokines and chemokines including IL-1β, TNFα, IL-8, and 

MIP-1α (Fig. 6G). IFNα, IL-1β, and TNFα are common biomarkers used to estimate the pro-
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inflammatory potential of nucleic acids during both normal immune responses to viral pathogens 

and during autoimmune responses to host nucleic acids44-45. The same markers were used in 

(pre)clinical studies to estimate the safety of RNA therapeutics46. We expanded this commonly 

used test panel by adding pro-inflammatory chemokines IL-8 and MIP-1α47. To deliver 

nanoparticles to cells, we used Lipofectamine 2000. Such complexation was used for consistency 

Figure 10. Relative rates of re-association measured for different compositions of 

nanoparticles using native-PAGE. In all experiments with DNA anti-cube (blue), 

gel purified anti-cube was fluorescently labeled with Cy5. For RNA anti-cube 

(green), RNA cube was labeled with Alexa 488. All re-association constants are 

summarized below. Error is presented as s.d.; N=3 
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with other cellular experiments presented in this study, and because expression of the immune 

receptors sensing nucleic acids predominantly present in the intracellular compartments (e.g., 

endosomes, cytosol). Although all tested constructs induced the expression of IFNα, IL-8, and MIP-

1α, cubes containing six RNA strands were more potent immune stimulants compared to other 

tested particles. The level of type I interferon induced by RNA cubes was comparable to positive 

control, a synthetic CpG oligonucleotide (ODN 2216) used as a potent vaccine adjuvant. Therefore, 

if interferon induction was used as a marker of immunogenicity, RNA cubes could be qualified as 

promising adjuvants. A similar trend was observed in the cases of pro-inflammatory cytokines IL-

1β and TNFα, which were induced only by cubes containing five or six RNA strands. The response, 

however, was much lower compared to the positive control, a bacterial lipopolysaccharide. High 

Figure 11. Isothermal re-association of complementary DNA nanoparticles activates co-

transcriptional production of RNA nanoparticles. (A) Schematics of re-association between the 

complementary DNA cubes and anti-cubes carrying split and therefore inactive T7 RNA 

polymerase promoters. The re-association of DNA cubes in transcription mixture releases DNA 

templates with active promoters and allows for co-transcriptional assembly of RNA cubes. (B-C) 

Native-PAGE and fluorescence experiments visualizing re-association of shape-switching 

purified DNA cubes and DNA anti-cubes, resulting in formation of DNA templates with activated 

T7 RNA polymerase promoters and further co-transcriptional assembly of RNA cubes. (D) Co-

transcriptionally assembled RNA cubes eluted from native-PAGE and imaged by AFM. (E) RNA 

cubes can only be formed co-transcriptionally using DNA anti-cubes decorated with six complete 

T7 RNA Polymerase promoters (A6P) and not from DNA cubes (C6P) due to the directionality of 

the promoter sequences. (F) Native-PAGE showing the co-transcriptional production of RNA 

cubes from DNA anti-cubes with six promoters. Following 4 hours of incubation, all transcription 

mixtures were treated with DNase to remove any residual DNA. 
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levels of these cytokines are responsible for septic shock syndrome, while their low level is 

typically induced by vaccine adjuvants. The levels observed with RNA cubes were insignificant in 

terms of the cytokine storm or septic shock, but were at levels which may contribute to 

immunogenicity, thus additionally qualifying RNA cubes for a potential vaccine adjuvant 

application. The levels of chemokines IL-8 and MIP-1α were raised proportionally with an 

increasing number of RNA strands, except for the 2DNA/4RNA cube, which was as potent as cubes 

containing a higher number of RNA strands. This data suggested greater immunostimulatory 

potential of RNA cubes and is consistent with our earlier report37. This finding also demonstrated 

Figure 12. Design and working principles of complementary nanoparticles activating the in vitro 

transcription upon their re-association. 



68 

 

that the reduction in number of RNA strands is a viable strategy for reducing any undesirable 

immunostimulation of these nanoparticles if they are used for systemic delivery. It further 

suggested that by simply optimizing the ratio between RNA and DNA strands, resulting assemblies 

that did not induce pro-inflammatory cytokines (e.g., DNA cubes) could be used for drug delivery 

while RNA cubes with optimal immunomodulatory properties could be used for vaccines and 

immunotherapy. The precise mechanism of the immune recognition of the particles reported herein 

is a subject for a separate mechanistic study.   

Figure 13. Denaturing 8M urea PAGE demonstrates the relative yields of 

transcribed individual ssDNA strands of cubes and anti-cube with dsDNA 

promoter for T7 RNA Polymerase and schematics explaining the process. 

The bands are visualized by UV shadowing. 
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2.3.2 Re-association of complementary DNA nanoparticles triggers co-transcriptional 

formation of RNA nanoparticles 

The ability to activate the simultaneous transcription of multiple RNAs and further co-

transcriptional assembly of RNA nanostructures is an important step towards the intracellular 

production of RNA nanoparticles. The endogenous production of functional RNA nanoparticles in 

mammalian cells will substantially increase their yields while eliminating the complexity of 

assembly protocols and reducing possible endotoxin contamination. In the attempt to control the 

transcription with complementary nanoparticles, all six DNA strands of cube and anti-cube were 

modified with split 20 bps T7 RNA polymerase promoters (Fig. 11A and 12). T7 RNA polymerase 

is a single-subunit enzyme that can be expressed in mammalian cells48 and does not require any 

additional factors for accurate transcription. In the current design, the presence of both 

Figure 14. Activation of functional aptamers with isothermal re-association of shape-

switching nanoparticles.  (A) Schematics of isothermal re-association and re-assembly of 

aptamers. (B) Total EtBr and DFHBI-1T stained native-PAGE demonstrates fiber formation 

and aptamer activation on re-association of cognate cubes. (C) AFM images of the aptamer 

containing fibers. (D) Re-association and fiber formation can be traced by measuring 

fluorescence of DFHBI-1T in vitro. Error bars indicate s.d.; N=3. 
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complementary DNA cubes in a transcription mixture was required to undergo shape-switching 

and formation of dsDNA templates with active T7 RNA polymerase promoters whose further 

transcription leads to the assembly of RNA cubes. Short reporter DNAs were used to provide an 

optical response upon re-association (Fig. 11B). The co-transcriptionally assembled RNA cubes 

can be gel purified (Fig. 11C) and visualized by AFM (Fig. 11D). Even though the co-

transcriptional assembly of RNA cubes was efficiently triggered by the re-association of two parent 

DNA cubes, the run-off transcription of multiple individual DNA templates may not be ideal for 

co-transcriptional assembly of RNA nanoparticles in the intracellular environment due to potential 

degradation or compartmentalization of some DNAs, causing stoichiometry problems with 

transcribed RNA units. To overcome this possible problem, the DNA anti-cube decorated with six 

complete T7 promoters (Fig. 11E) can be used. We then have an assembly of individually potent 

ssDNA templates (Fig. 13) required for the co-transcriptional production of RNA cubes (Fig. 11F). 

The advantage of this approach is the precise control over the stoichiometry of the DNA templates 

and their local availability for transcription. These results paved the way for further development 

of the intracellular co-transcriptional production of RNA nanoparticles.  

Figure 15. Fiber formation and simultaneous activation of multiple BROCCOLI aptamers. 

Schematics of activation of aptamers and total EtBr and DFHBI-1T stained native-PAGE 

demonstrates fiber formation and aptamer activation when stained with DFHBI-1T 
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2.3.3 Re-association of complementary DNA nanoparticles triggers activation of embedded 

split RNA aptamers 

Broccoli is a synthetic RNA aptamer which binds to the fluorophore DFHBI-1T to mimic 

the fluorescent spectrum of green fluorescent protein (GFP)49. We hypothesized that the splitting 

of the Broccoli aptamer sequence into two separate non-functional strands (named Broc and Coli) 

Figure 16. Activation of RNA interference and intracellular FRET with complementary shape-

switching nanoparticles. (A) Schematics of isothermal re-association and activation of FRET 

and RNAi. (B) In vitro re-association of fluorescently labeled cubes and anti-cubes with split 

DS RNAs was visualized by native-PAGE. (C) FRET time traces during re-association of 

fluorescently labeled Alexa 488 and Alexa 546 cubes and anti-cubes carrying split Dicer 

Substrate RNAs (DS RNAs). (D) For intracellular FRET experiments, human prostate cancer 

(PC-3) cells were co-transfected with fluorescently labeled cubes and anti-cubes and images 

were taken on the next day. (E) Cell viability assay for HeLa cells transfected with 

nanoparticles (at 5 nM final) designed to release two DS RNAs against PLK1 and BCL2. Error 

bars indicate s.d.; N=3. Statistically significant results (compared to control cells) are indicated 

with asterisks (p-value < 0.05). (F-G) GFP knockdown assays for human breast cancer cells 

expressing enhanced GFP (MDA-MB-231/GFP). Prior to transfection, formation of the 

nanocubes was verified by total EtBr staining of native-PAGE. Three days after the transfection 

of cells, GFP expression was analyzed with fluorescent microscopy (F) and flow cytometry 

(G). As the control, pre-formed DS RNAs (at 2 nM final) against PLK1, BCL2, and GFP were 

used for HeLa and MDA-MB-231 cells respectively. At concentrations higher than 10 nM, 

some gene silencing was observed for cubes carrying antisense DS RNAs (data not shown). 

Note that the individual cubes and anti-cubes cause no decrease in GFP production. gMFI 

corresponds to the geometric mean fluorescence intensity. Error bars denote SEM. 
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can be used for monitoring the cube and anti-cube interaction and shape-switching that leads to 

Broc and Coli re-assembly into an active fluorescent aptamer (Fig. 14A). Furthermore, this 

approach demonstrates the general strategy for conditional re-activation of disconnected functional 

ssRNAs with complex secondary structure.  As predicted, the interaction of Broc-cubes with Coli-

anti-cubes leads to the formation of fiber-like structures (Fig. 14B-C) containing re-assembled 

Broc-Coli aptamers, thus providing an alternative optical response of interdependent nanocube 

interactions. The response was confirmed by native-PAGE (Fig. 14B and 15) and fluorescent 

measurments (Fig. 14D). Flow cytometry analysis of human cervical cancer cells co-transfected 

with complementary nanoparticles bearing the split aptamer strands revealed some Broc-Coli re-

association into the functional structure, however the difference was not statistically significant 

compared to just cells treated with the dye (data not shown).  

2.3.4 Re-association of complementary nanoparticles triggers activation of energy transfer 

and RNA interference in cells  

RNAi is a naturally occurring post-transcriptional gene regulation process which represses 

the expression of specific genes50. Therefore, exploiting endogenous RNAi mechanisms by 

externally delivered RNAi inducers is a promising tool in biotechnology and therapy. To have 

additional control over the initiation of targeted gene silencing is an important step forward leading 

towards the construction of intracellular logic gates and smart nanoparticles. We decorated two sets 

of cognate DNA cubes and anti-cubes with split Dicer Substrate (DS) RNAs against either (i) BCL2 

and PLK151, well-validated molecular targets whose down-regulation induces apoptosis52-53, or (ii) 

GFP54. The re-association of the cube and anti-cube nanoparticles led to the formation of DS RNAs 

that could be further activated through dicing by releasing the functional siRNAs (Fig. 16A). 

Additionally, split DS RNAs can be fluorescently labeled with dyes (e.g., Alexa 488 and Alexa 

546) chosen to undergo FRET.  Thus, the shape-switching of labeled nanoparticles was not only 

directly visualized by native-PAGE (Fig. 16B), but also assessed in real time using FRET (Fig. 

16C).  With the same approach, the intracellular re-association of cubes and anti-cubes in human 
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prostate, breast, and cervical cancer cells was traced by FRET (Fig. 16D and 17). For activation of 

RNA interference, human cervical cancer cells were treated with nanoparticles releasing BCL2 and 

PLK1 DS RNAs (Fig. 4E and 18A). The cell viability was significantly decreased when both cubes 

Figure 17. Activation of FRET with complementary shape switching nanoparticles. (A) In 

vitro re-association of fluorescently labeled cubes and anti-cubes with split Dicer Substrate 

(DS) RNAs was visualized by native-PAGE. (B) Fluorescence time traces show no re-

association between the fluorescently labeled Alexa 488 and Alexa 546 cubes and anti-cubes 

carrying split DS RNAs when associated with Lipofectamine 2000 (L2K). (C) For 

intracellular FRET experiments, human prostate cancer (PC-3) and breast cancer (MDA-

MB-231) cells were co-transfected with fluorescently labeled cubes and anti-cubes and 

images were taken the next day.  Numbers at each image correspond to (1) differential 

interference contrast images, (2) Alexa 488 emission, (3) Alexa 546 emission, (4) bleed-

through corrected FRET image. 
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were introduced, while individual cubes did not show much effect. To show the generality of the 

RNAi induction approach, GFP-expressing breast cancer cells were treated with complementary 

cubes releasing DS RNAs targeting GFP. The extent of GFP silencing was assessed with 

fluorescent microscopy and quantified by flow cytometry (Fig. 16F-G).  The results showed an  

Figure 18 Ring and anti-ring nanoparticles do not re-associate but cognate 

monomers form rings and fibers. (A) Schematics of isothermal re-association 

of triangles and anti-triangles. AFM of triangles and anti-triangles and 

native-PAGE of re-associated anti-triangles with triangles after 30 mins of 

incubation. (B) AFM images of RNA rings and anti-rings and native-PAGE 

showing that they do not interact. (C) The individual monomers of rings and 

anti-rings form the mixture of hexameric rings and fiber-like structures as 

shown by native-PAGE and AFM. 
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efficient knock-down of GFP production upon the intracellular re-association of cubes and anti-

cubes functionalized with six split DS RNAs. In comparison, transfection of cells with individual 

cubes or anti-cubes did not result in GFP silencing. Re-association occurs intracellularly, as 

suggested by FRET showing that individual cubes and anti-cubes associated with transfection agent 

do not re-associate in solution (Fig. 17B). Efficient GFP silencing was observed at picomolar 

concentrations of complementary cubes (Fig. 18B).     

2.3.5 Other examples of complementary nanoparticles 

 With the same design principles, several additional complementary nanoparticles were 

created by using previously characterized RNA triangles40 and RNA rings39 and their reverse 

complements (Fig. 19). We expected that co-incubation of the cognate pairs will lead to the similar 

collapse of each structure and recombination of smaller subunits as seen in the cube and anti-cube 

pairs. However, while native-PAGE results showed that the incubation of triangles with anti-

triangles led to the shape-switching (Fig. 19A), the rings and anti-rings did not interact (Fig. 19B). 

The explanation was offered by comparing ring designing principles with the cube and triangle 

structures. RNA nanorings did not have exposed single bases like cubes and triangles have in their 

Figure 19. Assembly of RNA and 

DNA ring monomers show no 

assembly for nanorings due to lack 

of kissing loop interactions 
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corners; rather, the rings were formed through interstrand RNA-RNA “kissing loops” (KL). 

Therefore, due to the absence of exposed bases, the reverse complement strands were unable to 

elicit shape-switching, and each ring remains intact as is visualized using native-PAGE stained 

with ethidium bromide (Fig. 19B). The use of RNA tertiary interacting motifs (KL) also prevented 

rings from forming RNA/DNA or DNA/DNA structures (Fig. 20), as opposed to cubes and 

triangles. The use of complementary rings provided a simple way of expanding the library of the 

novel programmable nanoscaffolds based on the existing nanodesigns, thus eliminating any 

laborious computational design and experimental verification.  Although the intact rings would not 

interact, their individual subunits were complementary and formed both hexameric and octameric 

rings as well as elongated fiber-like structures as verified by native-PAGE and AFM (Fig. 5C and 

21A). The fabrication of these structures was accomplished using both the established ring and 

cube assembly protocol, which differ only in the incubation profile. Depending on the kissing loop 

sequence, the formation of either fibers (e.g., A and anti-A) or rings (e.g., F and anti-F) can be 

promoted (Fig. 21A). The formation of functional fibers and rings was achieved by functionalizing 

one of the monomers (Fig. 21B).  

Thermodynamics of re-associating cubes 

At 20 °C, 250 nM, we obtained the following free energies of predicted structures for the 

following nucleic acid strand combinations: 

 

Structure Free Energy (kcal/mol) 

RNA cube -125.01 

DNA cube -41.04 

DNA anti-cube -41 

RNA/DNAa duplexes -305.67 

DNA/DNAa duplexes -318.61 

------------------------------------------ 

 

For the re-association of RNA cube and DNA anti-cube we obtain: 
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Figure 20. Contrary to assembled rings, individual ring monomers and anti-ring 

monomers form a mixture of ring and fiber structures as shown by native-PAGE. (A) 

Assemblies of non-functionalized monomers. Two different assembly protocols 

explained in methods were tested. Depending on the kissing loop sequence the 

formation either of fibers (e.g., A and anti-A) or rings (e.g., F and anti-F) can be 

promoted. (B) Assembly of monomers functionalized with DS RNAs and Alexa 488 

led to the formation of functional fibers and rings. 



78 

 

𝛥𝛥𝐺 = 𝛥𝐺𝑅𝑁𝐴/𝐷𝑁𝐴𝑎 − 𝛥𝐺𝑅𝑁𝐴 − 𝛥𝐺𝐷𝑁𝐴𝑎 

 

𝛥𝛥𝐺 = −305.67kcal/mol − (−125.01)kcal/mol − (−41)kcal/mol = −139.67kcal/mol 
 

In contrast, for the re-association of the DNA cube with the DNA anti-cube we obtain: 

 

𝛥𝛥𝐺 = 𝛥𝐺𝐷𝑁𝐴/𝐷𝑁𝐴𝑎 − 𝛥𝐺𝐷𝑁𝐴 − 𝛥𝐺𝐷𝑁𝐴𝑎 

 

𝛥𝛥𝐺 = −318.61kcal/mol − (−41.04)kcal/mol − (−41)kcal/mol = −236.57kcal/mol 
 

There appears to be a large energetic difference: while the RNA/DNA hybrid duplexes 

are similar in energy compared to DNA/DNA duplexes, it is the RNA cube that is energetically 

far more stable compared to the DNA cube and less apt to participate in the re-association 

reaction. 

Another role may be at play; the DNA cube is more likely to be partially unfolded compared to 

the RNA cube, thus providing additional toehold-like regions that may aid the re-association. 

However, the kinetics of re-association were tracked experimentally at 25 °C, which is below the 

Tm of DNA cubes (Fig. 8). 

Both of these effects are contributing to the experimentally observed tendency, that the 

DNA cube combined with the DNA anti-cube are re-associating far more readily compared to the 

RNA cube combined with the DNA anti-cube. 

2.4 Conclusion 

Diverse examples of mutual relations between interdependent entities exist in nature both 

at the levels of ecosystems and individual molecular interactions. Herein, we present a new concept 

of dynamic interdependent nucleic acid nanoparticles. Our approach relies on the physical 

interaction of two complementary nanoparticles with controllable thermodynamic and chemical 

properties. Our findings also suggest that by simply optimizing the ratio between RNA and DNA 

strands entering the composition of assemblies, one can create nanoparticles with optimal 

immunomodulatory properties when activation of the immune system is desirable (e.g., vaccines 

and immunotherapy). However, other types of RNA nanoparticles may expose different 

immunomodulatory properties55. After interaction of the cognate nanoparticles both in vitro and in 



79 

 

human cells, as demonstrated in three different cell lines, constructs undergo isothermal shape-

switching resulting in activation of one or more functionalities including RNAi, optical response, 

transcription, and split aptamer re-assembly. Importantly, only two nanoparticles are required to 

simultaneously activate multiple functionalities and no ssRNA or ssDNA toeholds are needed to 

initiate the interaction. Moreover, in the case of co-transcriptional assemblies, only one specifically 

designed DNA nanoparticle is needed to efficiently produce an RNA counterpart. Overall, the 

presented strategy allows for the use of simple, multifunctional, and conditionally activated 

nanoparticles and provides a promising future for their use in nanobioscience. 

2.4.1 Sequences used in this project 

 

 

DNA cube with three Ts at each corner 

dA 

5’-GGCAACTTTGATCCCTCGGTTTAGCGCCGGCCTTTTCTCCCACACTTTCACG  

dB 

5’-GGGAAATTTCGTGGTAGGTTTTGTTGCCCGTGTTTCTACGATTACTTTGGTC  

dC 

5’-GGACATTTTCGAGACAGCATTTTTTCCCGACCTTTGCGGATTGTATTTTAGG  

dD 

5’-GGCGCTTTTGACCTTCTGCTTTATGTCCCCTATTTCTTAATGACTTTTGGCC  

dE 

5’-GGGAGATTTAGTCATTAAGTTTTACAATCCGCTTTGTAATCGTAGTTTGTGT  

dF 

5’-GGGATCTTTACCTACCACGTTTTGCTGTCTCGTTTGCAGAAGGTCTTTCCGA  

 

Fluorescently labeled DNA cube strand 

dD-Alexa 488 

5’-GGCGCTTTTGACCTTCTGCTTTATGTCCCCTATTTCTTAATGACTTTTGGCC-Alexa 

488  

 

 

DNA anti-cube with three As at each corner 

anti-dA 

5’-CGTGAAAGTGTGGGAGAAAAGGCCGGCGCTAAACCGAGGGATCAAAGTTGCC  

anti-dB 

5’-GACCAAAGTAATCGTAGAAACACGGGCAACAAAACCTACCACGAAATTTCCC  

anti-dC 

5’-CCTAAAATACAATCCGCAAAGGTCGGGAAAAAATGCTGTCTCGAAAATGTCC  

anti-dD 

5’-GGCCAAAAGTCATTAAGAAATAGGGGACATAAAGCAGAAGGTCAAAAGCGCC  

anti-dE 

5’-ACACAAACTACGATTACAAAGCGGATTGTAAAACTTAATGACTAAATCTCCC  
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anti-dF 

5’-TCGGAAAGACCTTCTGCAAACGAGACAGCAAAACGTGGTAGGTAAAGATCCC  

 

Fluorescently labeled anti-DNA cube strand 

anti-dA-Cy5 

5’-CGTGAAAGTGTGGGAGAAAAGGCCGGCGCTAAACCGAGGGATCAAAGTTGCC-

Cy5  

 

 

RNA cube with three Us at each corner2 

rA 

5’-GGCAACUUUGAUCCCUCGGUUUAGCGCCGGCCUUUUCUCCCACACUUUCACG  

rB 

5’-GGGAAAUUUCGUGGUAGGUUUUGUUGCCCGUGUUUCUACGAUUACUUUGGUC  

rC 

5’-GGACAUUUUCGAGACAGCAUUUUUUCCCGACCUUUGCGGAUUGUAUUUUAGG  

rD 

5’-GGCGCUUUUGACCUUCUGCUUUAUGUCCCCUAUUUCUUAAUGACUUUUGGCC  

rE 

5’-GGGAGAUUUAGUCAUUAAGUUUUACAAUCCGCUUUGUAAUCGUAGUUUGUGU  

rF 

5’-GGGAUCUUUACCUACCACGUUUUGCUGUCUCGUUUGCAGAAGGUCUUUCCGA  

 

 

Fluorescently labeled RNA cube strand 

rD-Alexa 488 

5’-GGCGCUUUUGACCUUCUGCUUUAUGUCCCCUAUUUCUUAAUGACUUUUGGCC-

Alexa 488 

 

 

RNA anti-cube with three As at each corner  

(lower case nucleotides were added for higher in vitro transcription yields) 

anti-rA 

5’-ggCGUGAAAGUGUGGGAGAAAAGGCCGGCGCUAAACCGAGGGAUCAAAGUUGCC 

anti-rB 

5’-ggGACCAAAGUAAUCGUAGAAACACGGGCAACAAAACCUACCACGAAAUUUCCC     

anti-rC 

5’-

ggaCCUAAAAUACAAUCCGCAAAGGUCGGGAAAAAAUGCUGUCUCGAAAAUGUCC  

anti-rD 

5’-gGGCCAAAAGUCAUUAAGAAAUAGGGGACAUAAAGCAGAAGGUCAAAAGCGCC  

anti-rE 

5’-ggACACAAACUACGAUUACAAAGCGGAUUGUAAAACUUAAUGACUAAAUCUCCC  

anti-rF 

5’-

gggaUCGGAAAGACCUUCUGCAAACGAGACAGCAAAACGUGGUAGGUAAAGAUCCC   

     

 

DNA cube with three Ts at each corner and with T7RNA polymerase promoter 

(underlined) 

dA-T7 
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5’TTCTAATACGACTCACTATAGGCAACTTTGATCCCTCGGTTTAGCGCCGGCCTTTTC

TCCCACACTTTCACG  

dB-T7 

5’TTCTAATACGACTCACTATAGGGAAATTTCGTGGTAGGTTTTGTTGCCCGTGTTTCT

ACGATTACTTTGGTC  

dC-T7 

5’TTCTAATACGACTCACTATAGGACATTTTCGAGACAGCATTTTTTCCCGACCTTTGC

GGATTGTATTTTAGG  

dD-T7 

5’TTCTAATACGACTCACTATAGGCGCTTTTGACCTTCTGCTTTATGTCCCCTATTTCTT

AATGACTTTTGGCC  

dE-T7 

5’TTCTAATACGACTCACTATAGGGAGATTTAGTCATTAAGTTTTACAATCCGCTTTGT

AATCGTAGTTTGTGT  

dF-T7 

5’TTCTAATACGACTCACTATAGGGATCTTTACCTACCACGTTTTGCTGTCTCGTTTGC

AGAAGGTCTTTCCGA  

 

Complementary strand for active 20 bps T7 promoter attached to cubes 

Promoter for cubes (P4C) 

5’-TATAGTGAGTCGTATTAGAA 

 

Truncated strand (with Alexa 488) for split, inactive, T7 promoter attached to cubes  

Truncated promoter for cubes (tP4C) 

5’-ATAGTGAGTCG-Alexa 488 

 

DNA anti-cube with three As at each corner with T7RNA polymerase promoter 

anti-dA-T7 

5’CGTGAAAGTGTGGGAGAAAAGGCCGGCGCTAAACCGAGGGATCAAAGTTGCCTAT

AGTGAGTCGTATTAGAA 

anti-dB-T7 

5’GACCAAAGTAATCGTAGAAACACGGGCAACAAAACCTACCACGAAATTTCCCTAT

AGTGAGTCGTATTAGAA 

anti-dC-T7 

5’CCTAAAATACAATCCGCAAAGGTCGGGAAAAAATGCTGTCTCGAAAATGTCCTAT

AGTGAGTCGTATTAGAA  

anti-dD-T7 

5’GGCCAAAAGTCATTAAGAAATAGGGGACATAAAGCAGAAGGTCAAAAGCGCCTAT

AGTGAGTCGTATTAGAA  

anti-dE-T7 

5’ACACAAACTACGATTACAAAGCGGATTGTAAAACTTAATGACTAAATCTCCCTATA

GTGAGTCGTATTAGAA  

anti-dF-T7 

5’TCGGAAAGACCTTCTGCAAACGAGACAGCAAAACGTGGTAGGTAAAGATCCCTAT

AGTGAGTCGTATTAGAA 

 

 

Complementary strand for 20 bps T7 promoter attached to anti-cubes 

Promoter for anti-cubes (P4AC) 

5’-TTCTAATACgACTCACTATA 
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Truncated strand (with Alexa 546) for split, inactive, T7 promoter attached to anti-cubes  

Truncated promoter for cubes (tP4AC) 

5’-Alexa 546-CgACTCACTAT 

 

 

Split F30 BROC-COLI aptamer 

(5’-gggaa sequences were added for higher in vitro transcription yields) 

F30 broccoli15 

5’gggaaagUUGCCAUGUGUAUGUGGGAGACGGUCGGGUCCAGAUAUUCGUAUCUGUC

GAGUAGAGUGUGGGCUCCCACAUACUCUGAUGAUCCUUCGGGAUCAUUCAUGGCA

A 

Split aptamer:  

BROC  

5’gggaaaUUGCCAUGUGUAUGUGGGAGACGGUCGGGUCCAGAUAUU 

COLI  

5’gggaaaCGUAUCUGUCGAGUAGAGUGUGGGCUCCCACAUACUCUGAUGAUCCUUCG

GGAUCAUUCAUGGCAA 

 

RNA cube with three Us at each corner and BROC to form fibers with embedded aptamers 

on re-association with anti-cubes 

(5’-gggaa sequences were added for higher in vitro transcription yields) 

rA_BROC_fiber 

5’gggaaUUGCCAUGUGUAUGUGGGAGACGGUCGGGUCCAGAUAUUGGCAACUUUGA

UCCCUCGGUUUAGCGCCGGCCUUUUCUCCCACACUUUCACG  

rB_BROC_fiber 

5’gggaaUUGCCAUGUGUAUGUGGGAGACGGUCGGGUCCAGAUAUUGGGAAAUUUCG

UGGUAGGUUUUGUUGCCCGUGUUUCUACGAUUACUUUGGUC  

rC_BROC_fiber 

5’gggaaUUGCCAUGUGUAUGUGGGAGACGGUCGGGUCCAGAUAUUGGACAUUUUCG

AGACAGCAUUUUUUCCCGACCUUUGCGGAUUGUAUUUUAGG 

rD_BROC_fiber 

5’gggaaUUGCCAUGUGUAUGUGGGAGACGGUCGGGUCCAGAUAUUGGCGCUUUUGA

CCUUCUGCUUUAUGUCCCCUAUUUCUUAAUGACUUUUGGCC  

rE_BROC_fiber_terminal 

5’gggaaUUGCCAUGUGUAUGUGGGAGACGGUCGGGUCCAGAUAUUGGGAGAUUUAG

UCAUUAAGUUUUACAAUCCGCUUUGUAAUCGUAGUUUGUGUUUGCCAUGUGUAU

GUGGGAGACGGUCGGGUCCAGAUAUU  

 

 

RNA anti-cube with three As at each corner and COLI 

(5’-gggaa sequences were added for higher in vitro transcription yields) 

anti-rA_COLI 

5’gggaaCGUAUCUGUCGAGUAGAGUGUGGGCUCCCACAUACUCUGAUGAUCCUUCG

GGAUCAUUCAUGGCAACGUGAAAGUGUGGGAGAAAAGGCCGGCGCUAAACCGAGG

GAUCAAAGUUGCC 

anti-rB_COLI 

5’gggaaCGUAUCUGUCGAGUAGAGUGUGGGCUCCCACAUACUCUGAUGAUCCUUCG

GGAUCAUUCAUGGCAAGACCAAAGUAAUCGUAGAAACACGGGCAACAAAACCUAC

CACGAAAUUUCCC     

anti-rC_COLI 

5’gggaaCGUAUCUGUCGAGUAGAGUGUGGGCUCCCACAUACUCUGAUGAUCCUUCG
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GGAUCAUUCAUGGCAACCUAAAAUACAAUCCGCAAAGGUCGGGAAAAAAUGCUGU

CUCGAAAAUGUCC  

anti-rD_COLI 

5’gggaaCGUAUCUGUCGAGUAGAGUGUGGGCUCCCACAUACUCUGAUGAUCCUUCG

GGAUCAUUCAUGGCAAGGCCAAAAGUCAUUAAGAAAUAGGGGACAUAAAGCAGA

AGGUCAAAAGCGCC  

anti-rE_COLI 

5’gggaaCGUAUCUGUCGAGUAGAGUGUGGGCUCCCACAUACUCUGAUGAUCCUUCG

GGAUCAUUCAUGGCAAACACAAACUACGAUUACAAAGCGGAUUGUAAAACUUAAU

GACUAAAUCUCCC  

anti-rF_COLI 

5’gggaaCGUAUCUGUCGAGUAGAGUGUGGGCUCCCACAUACUCUGAUGAUCCUUCG

GGAUCAUUCAUGGCAAUCGGAAAGACCUUCUGCAAACGAGACAGCAAAACGUGGU

AGGUAAAGAUCCC   

     

 

DNA cubes and anti-cubes designed to release DS RNA against GFP16 upon re-association. 

 

DNA cube with three Ts at each corner carrying sense DS RNA (GFP) 

dA-DS GFP 

5’CGGTGGTGCAGATGAACTTCAGGGTCAttGGCAACTTTGATCCCTCGGTTTAGCGCC

GGCCTTTTCTCCCACACTTTCACG  

dB-DS GFP 

5’CGGTGGTGCAGATGAACTTCAGGGTCAttGGGAAATTTCGTGGTAGGTTTTGTTGCC

CGTGTTTCTACGATTACTTTGGTC  

dC-DS GFP 

5’CGGTGGTGCAGATGAACTTCAGGGTCAttGGACATTTTCGAGACAGCATTTTTTCCC

GACCTTTGCGGATTGTATTTTAGG  

dD-DS GFP 

5’CGGTGGTGCAGATGAACTTCAGGGTCAttGGCGCTTTTGACCTTCTGCTTTATGTCCC

CTATTTCTTAATGACTTTTGGCC  

dE-DS GFP 

5’CGGTGGTGCAGATGAACTTCAGGGTCAttGGGAGATTTAGTCATTAAGTTTTACAAT

CCGCTTTGTAATCGTAGTTTGTGT  

dF-DS GFP 

5’CGGTGGTGCAGATGAACTTCAGGGTCAttGGGATCTTTACCTACCACGTTTTGCTGTC

TCGTTTGCAGAAGGTCTTTCCGA  

 

DNA anti-cube with three As at each corner carrying antisense DS RNA (GFP) 

anti-dA-antisense DS GFP 

5’CGTGAAAGTGTGGGAGAAAAGGCCGGCGCTAAACCGAGGGATCAAAGTTGCCaaT

GACCCTGAAGTTCATCTGCACCACCG  

anti-dB-antisense DS GFP 

5’GACCAAAGTAATCGTAGAAACACGGGCAACAAAACCTACCACGAAATTTCCCaaTG

ACCCTGAAGTTCATCTGCACCACCG  

anti-dC-antisense DS GFP 

5’CCTAAAATACAATCCGCAAAGGTCGGGAAAAAATGCTGTCTCGAAAATGTCCaaTG

ACCCTGAAGTTCATCTGCACCACCG   

anti-dD-antisense DS GFP 

5’GGCCAAAAGTCATTAAGAAATAGGGGACATAAAGCAGAAGGTCAAAAGCGCCaaT

GACCCTGAAGTTCATCTGCACCACCG  
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anti-dE-antisense DS GFP 

5’ACACAAACTACGATTACAAAGCGGATTGTAAAACTTAATGACTAAATCTCCCaaTG

ACCCTGAAGTTCATCTGCACCACCG  

anti-dF-antisense DS GFP 

5’TCGGAAAGACCTTCTGCAAACGAGACAGCAAAACGTGGTAGGTAAAGATCCCaaTG

ACCCTGAAGTTCATCTGCACCACCG  

 

DS RNA against GFP16 

DS RNA sense  

5’-pACCCUGAAGUUCAUCUGCACCACCG 

DS RNA antisense  

5’-CGGUGGUGCAGAUGAACUUCAGGGUCA 

 

Fluorescently labeled RNA 

DS RNA sense 3`-end labeled with Alexa488 

5’-pACCCUGAAGUUCAUCUGCACCACCG-Alexa488 

DS RNA antisense 5`-end labeled with Alexa546 

5’-Alexa546-CGGUGGUGCAGAUGAACUUCAGGGUCA 

 

 

DNA cubes and anti-cubes designed to release DS RNA against PLK1 and BCL2 upon re-

association 

 

DNA cube with three Ts at each corner carrying sense DS RNA 

dA-DS PLK1 sense 

5’TCGTCATTAAGCAGCTCGTTAATGGTttGGCAACTTTGATCCCTCGGTTTAGCGCCGG

CCTTTTCTCCCACACTTTCACG   

dB-DS BCL2 sense  

5’CTGCGACAGCTTATAATGGATGTACTTttGGGAAATTTCGTGGTAGGTTTTGTTGCCC

GTGTTTCTACGATTACTTTGGTC  

 

DNA anti-cube with three As at each corner carrying antisense DS RNA 

anti-dA DS PLK1 antisense 

5’CGTGAAAGTGTGGGAGAAAAGGCCGGCGCTAAACCGAGGGATCAAAGTTGCCaaA

CCATTAACGAGCTGCTTAATGACGA 

anti-dB DS BCL2 antisense 

5’GACCAAAGTAATCGTAGAAACACGGGCAACAAAACCTACCACGAAATTTCCCaaaa

GTACATCCATTATAAGCTGTCGCAG  

 

DS RNA against PLK1 designed based on the validate siRNA sequences17 

DS RNA sense  

5'- pCCAUUAACGAGCUGCUUAAUGACGA  

DS RNA antisense  

5’-UCGUCAUUAAGCAGCUCGUUAAUGGUU 

 

 

DS RNA against BCL2 designed based on the validate siRNA sequences18 

DS RNA sense  

5'-pGUACAUCCAUUAUAAGCUGUCGCAG 

DS RNA antisense  

5’-CUGCGACAGCUUAUAAUGGAUGUACUU 
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Ring/Anti-ring nanoparticles 

 

RNA ring19 

nrA 

5’-GGGAACCGUCCACUGGUUCCCGCUACGAGAGCCUGCCUCGUAGC 

nrB 

5’-GGGAACCGCAGGCUGGUUCCCGCUACGAGAGAACGCCUCGUAGC 

nrC 

5’-GGGAACCGCGUUCUGGUUCCCGCUACGAGACGUCUCCUCGUAGC 

nrD 

5’-GGGAACCGAGACGUGGUUCCCGCUACGAGUCGUGGUCUCGUAGC  

nrE 

5’-GGGAACCACCACGAGGUUCCCGCUACGAGAACCAUCCUCGUAGC  

nrF 

5’-GGGAACCGAUGGUUGGUUCCCGCUACGAGAGUGGACCUCGUAGC  

 

RNA anti-ring 

(5’-gggaa sequences were added for higher in vitro transcription yields) 

nrA 

5’-gggaaGCUACGAGGCAGGCUCUCGUAGCGGGAACCAGUGGACGGUUCCC 

nrB 

5’-gggaaGCUACGAGGCGUUCUCUCGUAGCGGGAACCAGCCUGCGGUUCCC 

nrC 

5’-gggaaGCUACGAGGAGACGUCUCGUAGCGGGAACCAGAACGCGGUUCCC 

nrD 

5’-gggaaGCUACGAGACCACGACUCGUAGCGGGAACCACGUCUCGGUUCCC 

nrE 

5’-gggaaGCUACGAGGAUGGUUCUCGUAGCGGGAACCUCGUGGUGGUUCCC 

nrF 

5’-gggaaGCUACGAGGUCCACUCUCGUAGCGGGAACCAACCAUCGGUUCCC 

 

 

DNA anti-nanoring with T7RNA POL PROMOTER 

Anti-nrA-T7 

5’GCTACGAGGCAGGCTCTCGTAGCGGGAACCAGTGGACGGTTCCCTATAGTGAGTC

GTATTAGAA 

Anti-nrB-T7 

5’GCTACGAGGCGTTCTCTCGTAGCGGGAACCAGCCTGCGGTTCCCTATAGTGAGTCG

TATTAGAA 

Anti-nrC-T7 

5’GCTACGAGGAGACGTCTCGTAGCGGGAACCAGAACGCGGTTCCCTATAGTGAGTC

GTATTAGAA 

Anti-nrD-T7 

5’GCTACGAGACCACGACTCGTAGCGGGAACCACGTCTCGGTTCCCTATAGTGAGTCG

TATTAGAA 

Anti-nrE-T7 

5’GCTACGAGGATGGTTCTCGTAGCGGGAACCTCGTGGTGGTTCCCTATAGTGAGTCG

TATTAGAA 
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Anti-nrF-T7 

5’GCTACGAGGTCCACTCTCGTAGCGGGAACCAACCATCGGTTCCCTATAGTGAGTCG

TATTAGAA 

 

Triangle/Anti-triangle nanoparticles 

 

RNA triangle 

rA 

5’GGAUGCUGGUACUUUUGAAACAUUUCGAGUCGCGAGGGUUUUCCCAUCGUUGGC

CCGUAUCGCGUUUUCUUAUGAAGA 

rB 

5’-GGUCGCGACCUUCUUUUCCCUCGCGACUCGAAAUGUUUCUUUUCGAGGUCGCCC 

rC 

5’-

GGAUCUUUCGCCUUUUCGCGAUACGGGCCAACGAUGGGUUUUGAAGGUCGCGAC 

rD 

5’-GGGCGACCUCGUUUUGUACCAGCAUCCUCUUCAUAAGUUUUGGCGAAAGAUCC 

 

DNA triangle 

dA 

5’GGATGCTGGTACTTTTGAAACATTTCGAGTCGCGAGGGTTTTCCCATCGTTGGCCC

GTATCGCGTTTTCTTATGAAGA 

dB 

5’-GGTCGCGACCTTCTTTTCCCTCGCGACTCGAAATGTTTCTTTTCGAGGTCGCCC 

dC 

5’-GGATCTTTCGCCTTTTCGCGATACGGGCCAACGATGGGTTTTGAAGGTCGCGAC 

dD 

5’-GGGCGACCTCGTTTTGTACCAGCATCCTCTTCATAAGTTTTGGCGAAAGATCC 

 

DNA anti-triangle 

Anti-dA 

5’TCTTCATAAGAAAAGGCGATACGGGCCAACGATGGGAAAACCCTCGCGACTCGAA

ATGTTTCAAAAGTACCAGCATCC 

Anti-dB 

5’-GGGCGACCTCGAAAAGAAACATTTCGAGTCGCGAGGGAAAAGAAGGTCGCGACC 

Anti-dC 

5’-TCGCGACCTTCAAAACCCATCGTTGGCCCGTATCGCCAAAACGCGAAAGATCC 

Anti-dD 

5’-GATCTTTCGCGAAAACTTATGAAGAGGATGCTGGTACAAAACGAGGTCGCCC 
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3 Chapter 3: Programmable Nucleic Acid-based Polygons with Controlled 

Neuroimmunomodulatory Properties for Predictive QSAR Modeling 

3.1 Introduction 

The field of nanotherapeutics is exponentially growing due to the ability of nanoparticles to 

overcome many of the limitations noted for traditional small and macromolecular drugs. 

Nanotechnology is increasingly used in drug delivery due to the unique physical and chemical 

properties of nanoparticles, such as hydrophobicity, size, surface charge, and the presence of 

targeting moieties. These properties can overcome barriers that commonly limit the efficacy of 

traditional small and macromolecular drugs. The development of therapeutic nucleic acids (TNAs) 

that have rapidly evolved from conventional (e.g., siRNAs) to nanotechnology-formulated 

concepts (e.g., siRNAs incorporated into liposomes) and to the more controllable new generation 

of nano-TNAs represents one such example of utilizing benefits of nanotechnology for improving 

the quality of traditional therapeutics. These nano-TNAs rely on rationally designed nucleic acids 

(RNA, DNA or their chemical analogs) to engineer well-defined, fully programmable, and self-

assembling nanoparticles, in which the nucleic acids serve as both a carrier and an active 

pharmaceutical ingredient 1-23. One major limitation to the clinical use of conventional TNAs is 

their immunostimulatory properties including the induction of cytokines, chemokines, and type I 

and II interferons. Translational considerations for nano-TNA have been discussed before, and 

among other areas, include an understanding of the immunological properties24. The ability to 

predict the effects of the nano-TNAs on the immune system would allow maximizing their 

therapeutic index. For example, diseases of the central nervous system (CNS) are extremely 

difficult to treat due to the highly selective permeability of the blood brain barrier. Moreover, the 

neuroinflammation, which has been implicated in degenerative CNS pathologies such as multiple 

sclerosis, Alzheimer’s disease, and Parkinson’s disease25, may also arise from delivery of 

therapeutic agents with undesirable immunostimulation into the brain, and therefore may 

counteract the efficacy of these drugs. Nano-TNAs have the potential to overcome both of these 
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barriers. Their delivery to the brain can be achieved by previously characterized carriers, such as 

bolaamphiphiles26-30, and rational design of nano-TNAs can help avoid the undesirable 

neuroinflammation. Therefore, it is necessary to characterize the immunomodulatory effects of 

nano-TNAs on resident CNS cells such as microglia and astrocytes that are essential for the 

initiation and progression of immune responses in the CNS 31 through the production of various 

inflammatory cytokines32-34. Earlier studies by our research groups and others revealed that while 

some types of nano-TNAs do not induce an immunological response, the immunogenicity of other 

assemblies strongly depends on their connectivity and composition4, 35-37. Recently, we introduced 

a novel design strategy that allows for the simple and efficient construction of RNA nanoparticles38. 

The assemblies, exemplified by nano-triangles, are solely based on Watson-Crick interactions and 

therefore, can be made not only of RNAs but also of DNAs and even RNA and DNA mixtures. The 

alterations in composition significantly affect the thermodynamic and chemical stabilities of 

nanoparticles as well as their immunological properties.  

In the present study, we expanded the library of nanoparticles from triangle to hexagon with 

the same connectivity rules and assessed the effect of the nano-TNA size and composition on their 

immunomodulatory activity in human glia-like cells. For these purposes, RNA triangles (~75 kDa) 

were compared to RNA tetragons (~100 kDa), RNA pentagons (~125 kDa), and RNA hexagons 

(~150 kDa). Similarly, we compared corresponding DNA polygons and two types of different 

RNA/DNA hybrids for each polygon. We demonstrate that nucleic acid polygons primarily 

stimulate an interferon response in contrast to a damaging inflammatory cytokine response. 

Additionally, we report that nucleic acid composition significantly alters the amount of type I 

interferons release by microglia-like cells. Together these data suggest that nano-TNAs may be 

specifically engineered to minimize detrimental inflammatory responses while promoting 

beneficial host immunity. Finally, to establish a set of design rules that allow engineering of nucleic 

acid-based polygons with predicted immunological activities for further confirmative biological 

screening experiments, we applied a QSAR modeling technique to the experimental dataset 
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generated for 16 polygons.  

3.2 Methods 

3.2.1 Assembly of polygons and their characterization.  

The nucleic acid sequences for construction of a polygon library containing 16 candidates were 

computationally designed using 2D folding programs including Mfold39 and NUPACK40-43. The 

nucleic acid strands encoding the composition of polygons are listed in the conclusions section. All 

DNAs were purchased from IDT (idtdna.com) and all RNA strands were produced from PCR-

amplified DNA templates using in vitro run-off transcription. Briefly, synthetic DNAs coding for 

the sequence of the designed RNA were amplified by PCR using primers containing the T7 RNA 

polymerase promoter. Resulting DNA templates were transcribed with T7 RNA polymerase. 

Transcription was performed in 80 mM HEPES-KOH, pH 7.5; 2.5 mM spermidine; 50 mM DTT; 

25 mM MgCl2; 5 mM NTPs; 0.2 µM of DNA templates, and “home-made” T7 RNA polymerase 

~100 units/µL. Transcription was stopped with RQ1 DNase. Transcribed RNAs were purified with 

a denaturing urea gel electrophoresis (PAGE) (15% acrylamide, 8M urea). The RNAs were eluted 

from gel slices overnight at 4C into 1 × TBE buffer containing 300 mM NaCl. After precipitating 

the RNA in 2.5 volumes of 100% ethanol, samples were rinsed with 90% ethanol, vacuum dried, 

and dissolved in double-deionized water.  

The polygons were assembled one pot from an equimolar mixture of nucleic acid strands (1 

µM) in 1 × TMS buffer (80 mM Tris-HCl pH = 8.0, 100 mM NaCl, 5 mM MgCl2) with subsequent 

heating and cooling processes (annealing) from 80 °C to 4 °C in 20 min. All assemblies were tested 

with 7% native-PAGE and/or 3 % agarose gels. Native-PAGE ran for 1 hour at 4 °C at a constant 

90 V and then were stained with ethidium bromide before imaging with the Bio-Rad ChemiDoc 

MP system. 

3.2.2 3D modeling  

3D models of each RNA polygon were built using Discovery Studio Visualizer44. The energy 

minimization was applied for structural refinement of each polygon, using the ff10 force field and 
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the Amber12 molecular dynamics package14, 45. 

3.2.3 Atomic force microscopy (AFM) 

Assembled RNA polygons (5 µL of 50 nM stock) were deposited on APS modified mica, 

incubated for ~2 min and air dried, as described previously. AFM visualization was performed 

using a MultiMode AFM Nanoscope IV system (Bruker Instruments, Santa Barbara, CA) in tapping 

mode. The images were recorded with a 1.5 Hz scanning rate using a TESPA-300 probe from 

Bruker with a resonance frequency of 320 kHz  and spring constant of about 40 N/m. Images were 

processed by the FemtoScan Online software package (Advanced Technologies Center, Moscow, 

Russia)46-47. 

3.2.4 Dynamic Light Scattering (DLS) 

The average hydrodynamic radii for assembled polygons (at 1 µM final concentration) were 

measured in a micro-cuvette (Starna Cells, Inc) using Zetasizer nano-ZS (Malvern Instrument, 

LTD). All measurements were done at room temperature according to instrumentation protocol.  

3.2.5 Degradation assay in fetal bovine serum (FBS) 

The experiment was conducted by incubation of nucleic acid polygons (1 µM) in an aqueous 

2% (v/v) FBS solution at 37 °C, and aliquots (10 µL) were collected at 1, 5, 10, 20, 40, 60, and 90 

min. Aliquots were immediately snap-frozen on dry ice to prevent any further degradation by 

nucleases presented in FBS. The collected samples were analyzed by a 7% native PAGE.  We used 

ImageJ software to evaluate the fractions of remaining polygons by integrating the intensities of 

the bands corresponding to NPs.  Integration areas for each time point were compared to the 

integration area for the control polygon of the same concentration in the absence of FBS. Plots were 

generated using OriginPro 8 Software where the remaining fraction (%) of polygons was plotted 

against FBS exposure time (min). An exponential decay function was used to fit data points 

following F(t) = F0 * e(-t/τ), where F(t) and F0 are the fractions at time t and at initial time 0 

respectively; τ is exponential decay time constant.        
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3.2.6 Equilibrium dissociation constant (KD) measurements  

To measure the apparent KD for polygon assemblies, titration experiments were carried out. 

For this, fixed concentrations (10 nM) of IR-700 conjugated dT2 or rT2 strands were titrated with 

various concentrations (0.01 nM – 1000 nM) of the corresponding triangle, tetragon, pentagon or 

hexagon short side oligonucleotides. For instance, for DNA triangle, 10 nM IR-700 dT2 were 

mixed with mixtures of unlabeled [dT1, dT3, dT4] at 0.1, 0.5, 1, 5, 10, 50, 100, 500, and 1000 nM. 

The samples were annealed and analyzed with a 7% native-PAGE. The quantified polygon 

fractions (f) were plotted versus the total concentration (Ct) of the polygons. Non-linear sigmoidal 

curve fitting was applied to the data from two independent experiments using Origin 8.0 software. 

The general equilibrium equation for multi-strand nucleic acid components was used according to     

𝐾𝐷 =  
(

𝐶𝑡
2𝑛

)𝑛−1 × (1−𝑓)𝑛

𝑓
  

where n = numbers of oligonucleotide strands: triangle n = 4, tetragon n = 5, pentagon n = 6, 

hexagon n = 7. The bands corresponding to polygons were quantified using ImageJ software. The 

yield for each polygon was calculated by dividing the corresponding quantified value for triangles 

by the total sum of the values for all monomers, dimers, and trimers present in the lane. 

3.2.7 Structural integrity of polygons associated with Lipofectamine 2000 (L2K) 

To ensure that all polygons remain intact during the transfection experiments, polygons (at 1 

µM) were incubated with 2 µL of L2K at 25 °C for 30 minutes. Polygon/L2K complexes (4 µL) 

were then mixed with 2 µL of Triton X-100 (Sigma Aldrich) for an additional 30 minutes at 25 °C. 

All samples were analyzed by 7% native-PAGE and visualized by AFM (Figure 23 and 25). 

3.2.8 Transfections  

The human microglia-like cell line, hµglia or hHµ, was a generous gift from the laboratory of 

Dr. Jonathan Karn (Case Western Reserve University)48. Primary human microglia cells purchased 

from ScienCell were immortalized using SV40 and hTert antigens and sorted for the 

microglial/macrophage cell marker CD11b.  These cells were grown in Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with 5% FBS and 100 U/ml penicillin-100 µg/ml 
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streptomycin at 37 °C with 5% CO2. The human astrocyte-like cell line, U87 MG (ATCC HTB-

14) was grown in Eagle’s Minimum Essential Medium (EMEM) supplemented with 10 % FBS, 1 

mM sodium pyruvate, and 100 U/ml penicillin with 100 µg/ml streptomycin at 37 °C 5 % CO2. 

Transfection of U87 MG cells and hHµ cells was conducted using Lipofectamine 2000 (L2K) 

(Invitrogen). Polygons or the positive controls poly dA:dT naked and poly I:C naked (Invivogen) 

were pre-incubated with L2K and Opti-MEM medium prior to transfection. Cells were transfected 

with polygon/L2K complexes at a final concentration of polygons of 5 nM or 25 nM or with 

positive control/L2K complexes at a final concentration of 1ug/ml. Media used for transfection was 

either DMEM supplemented with 5% FBS or EMEM supplemented with 10% FBS and 1 mM 

sodium pyruvate. Four hours post transfection the cell culture media was changed to media 

additionally supplemented with 100 U/ml penicillin with 100 µg/ml streptomycin. The cell 

supernatants were collected for further analysis twenty-four hours post transfection.   

3.2.9 Cell Viability  

hHµ cells were plated in a 96 well plate at 5,000 cells per well (six wells per each sample) and 

polygons were transfected at a final concentration of either 5 nM or 25 nM. The cells were then 

incubated for four hours at 37o C and 5% CO2 and the transfection media was replaced with the 

fresh one. Twenty-four hours post transfection, 20 µL of CellTiter-Blue (Promega) was added to 

each well and incubated for 2.5 hours. Absorbance was measured at 490 nM using a Tecan Ultra 

(Tecan) plate reader and normalized to solutions transfected only with L2K. 

3.2.10 Relative uptake efficiencies in hHµ 

hHµ wells were plated in a 24 well plate at 50,000 cells per well and polygons tagged with IR-

700 were transfected. The cells were then incubated in the solution for four hours at 37 °C and 5% 

CO2 prior to media change. Twenty-four hours post transfection, cells were treated with Cell 

Dissociation Buffer (Gibco) and analyzed using a BD Accuri C6 Flow Cytometer. Untreated cells 

were used as control. 
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3.2.11 Enzyme-linked Immunosorbent Assay (ELISA) 

Specific capture ELISAs were performed to quantify concentrations of human IL-6, IL-8, and 

IFN-β as previously described by our laboratory49. A commercially available ELISA kit was used 

to measure IL-8 (R&D Systems). The IL-6 ELISA was conducted using a rat anti-human IL-6 

capture antibody (BD Pharmingen) and a biotinylated rat anti-human IL-6 detection antibody (BD 

Pharmingen). The IFN-β ELISA was carried out using a polyclonal rabbit anti-human IFN-β 

capture antibody (Abcam) and a biotinylated polyclonal rabbit anti-human IFN-β detection 

antibody (Abcam). Bound antibody was detected using streptavidin-horseradish peroxidase (BD 

Biosciences) followed by the addition of tetramethylbenzidine (TMB) substrate. H2SO4 was used 

to stop the reaction and absorbance was measured at 450 nm. Dilutions of recombinant cytokines 

for IL-6 and IFN-β (BD Pharmingen, Abcam) were used to generate a standard curve. The 

concentration of each cytokine was determined by extrapolation of absorbances in the study 

samples to that in the standard curve prepared from known concentrations of the relevant cytokine.  

3.2.12 Limulus Amoebocyte Lysate (LAL) assay 

The LAL assay was utilized to assess preparation contamination with the bacterial endotoxin, 

lipopolysaccharide.  The polygons were tested at several dilutions according to a standardized 

procedure described earlier 

(https://ncl.cancer.gov/sites/default/files/protocols/NCL_Method_STE-1.2.pdf)2. Controls 

included the addition of known quantities of an endotoxin standard to nanoparticle samples to rule 

out potential nanoparticle interference with the assay. Reported values are from dilutions that 

demonstrated acceptable spike recovery and did not interfere with the assay.  

3.2.13 Statistics  

Experimental results were normalized to the L2K alone treated control and presented as the 

mean +/- SEM. Statistical significance was determined using a Student’s two-tailed t-test 

conducted with GraphPad Prism Software. A P-value of less than 0.05 was considered to be 

statistically significant.  
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3.2.14 Quantitative Structure-Activity Relationship (QSAR) modeling.  

In this study, 16 polygonal nanoparticles (both RNA- and DNA-based) were used for the 

construction of quantitative structure-activity relationships (QSAR). Three types of immune 

responses were identified based on the levels of IFN-β, IL-6, and IL-8 release experimentally 

measured from hHµ cells, and we used these activity values for QSAR modeling. The 

physicochemical properties and immune-response activities (observed and predicted) of studied 

polygons are presented in Tables 3 and 4. 

3.2.15 QSAR approach 

For the development of the QSAR model we used two types of descriptors: physicochemical 

properties of constructed nanoparticles and sequence-based descriptors generated by Word2vec50 

approach as well as Random Forest (RF)51 technique for model building. 

3.2.16 Descriptors  

To generate the sequence-based descriptors we have used the Word2vec approach implemented 

in the KNIME analytic platform52. Word2vec is a two-layer neural network which is trained to 

reconstruct the linguistic contexts of words. As input Word2vec uses text and as an output, it 

produces a continuous vector space where semantically similar words are mapped to nearby points. 

Thus, sequences of nanoparticles were transformed into the vectors of real numbers of ten 

dimensions using nucleotides as the words. In additional to sequence-based descriptors, we also 

used the six physicochemical properties of constructed nanoparticles: molecular weight, GC 

content (%), diameter (nm), Tm (°C), decay time (min) and KD (nM). 

3.2.17 Machine learning method 

For the development of QSAR models, we used the RF implemented in the KNIME analytic 

platform53, which is a modern and predictive machine learning approach. RF is an ensemble of 

decision trees and more trees reduce the variance. The classification from each tree can be thought 

of as a vote; the most votes determine the classification. The regression output was calculated as a 

mean value of all trees. Each tree was grown as the following: A random sample of nanoparticles 
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(67%) was selected from the initial modeling set as the training set for the current tree. Not selected 

samples were used as a test set called an out-of-bag (OOB), which typically is 33% of initial 

modeling data. The randomly selected descriptors from the training set were used to split the nodes 

in the tree. Each tree is grown until it reaches the maximum tree depth parameter. The internal 

model evaluation was done according to the performance with the OOB set. To construct the best 

RF model, the following parameters were considered during a 5-fold cross validation procedure (5-

fold CV): the number of trees (100), and the number of descriptors (16). 

3.2.18 Model construction and validation 

To estimate the predictivity of the developed models we used 5-fold external cross-validation 

procedure (5-fold CV)54. During this procedure the initial data set was randomly divided into 5 

parts. Four parts were used as the training set for model building and the remaining part was used 

as the test set for the assessment of external predictive accuracy. In additional, the Y-randomization 

(shuffling of the dependent values) was performed during 5-fold CV to assure that the accuracy of 

the model was not obtained due to chance correlations. 

3.2.19 Evaluation of the model prediction accuracy  

To estimate the accuracy of prediction the following statistical parameters were calculated: 

1) Determination coefficient 

𝑅2 = 1 −
∑ (�̂�𝑖 − 𝑌𝑖)2𝑛

𝑛=1

∑ (𝑌𝑖 − �̅�)2𝑛
𝑛=1

 

where �̂�𝑖 is predicted value for each particular object, �̅� is average activity value from the 

training set, and n is the number of objects in the training set. 

2) Root mean square error 

𝑅𝑀𝑆𝐸 =
1

𝑛
∑(�̂�𝑖 − 𝑌𝑖)

2
𝑛

𝑛=1

 

where �̂�𝑖 is predicted value for each particular compound and n is the number of objects in the 

training set. 
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3.3 Results and discussion 

We constructed four types of equilateral polygons that can self-assemble from single-stranded 

longer central and shorter side strands. All polygons, while being different in size, number of sides, 

and the total number of strands entering their assemblies, have minimal variance in their sequence 

signatures (Figure 22A). For example, polygons with n number of sides would share the sequences 

with n-1 polygons but have an extra short side strand and an elongated central strand in their 

assembly. Polygons assembled via one-pot assembly were extensively analyzed by gels (Figures 

22, 23B, and 24) with the average yield estimated to be greater than 90%. The type of polygon was 

determined by the sequence of the longer strand. Thus the assembly of the particular shape is guided 

by the addition of the corresponding central strand to a mixture of all short RNAs. The structural 

evaluation of the assemblies by AFM and DLS provide additional evidence of formation of the 

designed polygon structures (Figure 22). AFM studies revealed that the shapes of resulting 

polygons were similar to their computed 3D models. The hydrodynamic diameters of polygons in 

aqueous solution were measured to be ~15 nm, ~16 nm, ~20 nm, and ~24 nm for triangles, 

Figure 21. Programmable nucleic acid RNA (A) and DNA (B) polygons. Each panel presents 

energy minimized 3D models of RNA and DNA nanoparticles (identical sequences are colored the 

same), with corresponding AFM images, hydrodynamic radii measured by DLS (presented as +/- 

SEM), and ethidium bromide total staining native-PAGE results. 
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tetragons, pentagons, and hexagons, respectively. These experimental results were in agreement 

with the predicted sizes.  

Figure 22. Cell culture experiments with programmable polygons. Human microglia-like cell lines 

were transfected with polygons at a final concentration of 5 nM and 25 nM. (A) 3D models of tested 

polygons with RNA strands shown in grey and DNA strands in blue. (B) Assemblies all polygons 

visualized by agarose gel. (C) Structural integrity of polygons associated with Lipofectamine 2000 

(L2K) confirmed by the release studies with Triton X100. The results are analyzed by native-PAGE 

and visualized by AFM. (D) Relative cellular uptakes assessed by flow cytometry and (E) cell 

viability assays. (F-G) 24 hours post transfection with 16 RNA, DNA and RNA/DNA polygons, cell 

supernatants were collected and levels of IFN-β (F) and IL-6 (G) production were assessed by 

specific-capture ELISA. In C, E, and F, results were normalized to transfection reagent alone treated 

cells (L2K) and presented as the mean +/- SEM. Statistically significant results are indicated with 

asterisks (p value < 0.05). 
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Due to the design principles that rely only on canonical Watson-Crick interactions, polygons 

have an ability to efficiently assemble not only from RNAs but also from DNAs as well as from 

different ratios of RNA and DNA strands. This composition flexibility offers a rapid, convenient, 

and cost effective way to engineer different polygons with tunable physicochemical properties 

dictated by the nature of RNA and DNA. For example, by using various combinations of just 20 

different RNA and DNA strands (10 each), it becomes possible to easily assemble a total of 240 

Figure 23. (A) 3D models of polygons with corresponding sequence annotations. 

(B) Self-assembly properties of RNA polygons in the presence and absence of 

central (blue) strands evaluated on 7% non-denaturing PAGE. Lanes 1 – 3 

correspond to monomer, dimer and trimer stepwise association of RNA strands. 

Lane 4 corresponds to triangle with strand rT1. Lanes 5 and 6 correspond to square 

with and without central strand rS1. Lanes 7 and 8 correspond to pentagon with and 

without central strand rP1. Lanes 9 and 10 correspond to hexagon with and without 

central strand rH1. (C) Self-assembly properties of RNA polygons from the same 

mixture of short strands (rT2, rT3, rT4, rS5, rP6, rH7) and different central strands. 

Lane M is a DNA step ladder (Low Molecular Weight from NEB). Lanes 2, 4, 6, 

and 7 are corresponding assembly of Triangle, Square, Pentagon and Hexagon 

formations driven by the presence of rT1, rS1, rP1, and rH1, respectively. Lanes 1, 

3, 5, and 8 are corresponding pre-assembled control RNA polygons. 
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unique RNA, DNA, and RNA/DNA hybrid polygons (16 triangles, 32 tetragons, 64 pentagons, and 

128 hexagons). To show the feasibility of this approach, we have synthesized 16 polygons (Figure 

2) made of all RNAs, all DNAs, only central strand RNA, and only central strand DNA and then 

further extensively characterized their properties and tested their immunogenicity. For all polygons, 

relative sizes (D), melting temperatures (Tm), dissociation constants (KD), and stabilities in blood 

serum (τ) were measured and the results are summarized in Table 2. 

Prior to the immunological studies, the levels of endotoxin in prepared samples were assessed. 

Endotoxin is a component of the cell wall of Gram-negative bacteria and is a common contaminant 

in biotechnology and nanotechnology therapeutics55. Common sources of endotoxin are laboratory 

glassware, spatulas used to weigh out reagents, water, commercially available enzymes and 

oligonucleotides. Autoclaving kills bacteria, but does not eliminate endotoxin. Likewise, water 

purification systems remove ions, but not endotoxin. It is common knowledge in the area of 

nanotechnology that as much as 30-50% of nanoparticles fail during preclinical stage due to 

endotoxin contamination. Since endotoxins are potent immunostimulants, which may induce 

production of proinflammatory cytokines, we tested polygons for the presence of this contaminant 

using LAL assay. The level of endotoxin in all tested samples was below 0.05 EU/mL of 10 nM 

stock, which corresponds to less than 5 pg/mL concentration in our in vitro assays. The results are 

shown in Table 1. These levels of endotoxin are insufficient to elicit significant production of pro-

inflammatory cytokines by glial cells.   
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Table 1. Endotoxin in the test samples was measured by kinetic turbidity LAL. Spike recovery 

between 50 and 200% indicates that the tested nanoparticle did not interfere with the assay and 

the value of endotoxin shown in the middle column is valid. 

Material tested Endotoxin (EU/mL) Spike recovery (%) 

RNA triangle 0.0146 101 

RNA square <0.05 115 

RNA pentagon 0.0319 125 

RNA hexagon 0.0386 121 

DNA triangle <0.005 93 

DNA square <0.005 118 

DNA pentagon 0.00929 123 

DNA hexagon <0.005 144 

 

Figure 24. Experiments confirming structural integrity of DNA 

polygons associated with Lipofectamine 2000 (L2K). L2K 

complexes with polygons were prepared and then treated with 

Triton X100. All samples were analyzed by ethidium bromide 

total staining native-PAGE and visualized by AFM. 
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Currently, one of the primary limitations in the translation of TNAs to the clinic is the 

stimulation of both off-target effects and immunotoxicity. In addition, treatment of CNS diseases 

is especially difficult due to an inability of therapies to cross the blood brain barrier and the 

sensitivity of the CNS to inflammatory damage. The TNAs discussed in this study can be 

complexed with lipid-based carriers that permit delivery to target cells within the CNS. Importantly, 

the carrier does not alter the structure of polygons (Figure 23C and Figure 25).  In the CNS, glial 

cells are key initiators of immune responses. Glial cells use a variety of cell surface, endosomal, 

and cytosolic receptors to sense pathogen-associated molecular patterns (PAMPs) such as nucleic 

acids.  Due to the complexing of TNAs with lipid-based carriers, we predict TNAs will be identified 

by endosomal and/or cytosolic nucleic acid sensors. Therefore, in order to determine the 

immunomodulatory activity of TNA polygons that differ in their nucleic acid composition, human 

microglia-like cells and astrocyte-like cells were transfected side-by-side with 16 different 

polygons or positive controls and inflammatory mediator release was determined by specific 

capture ELISA (Figures 23 and 26). The positive controls selected were poly dA:dT, a synthetic 

analog of B-DNA recognized by DNA sensors; and poly (I:C) a synthetic dsRNA polymer 

recognized by RNA sensors.  We observed no significant release of IFN-β or IL-6 from astrocyte-

like cells transfected with nano-TNAs (data not shown). Interestingly, transfection of microglia-

Figure 25. Human microglia-like cell lines were transfected with nanoparticles at a final 

concentration of 5nM and 25nM. 24 hours post transfection cell supernatants were collected and 

levels of IL-8, were assessed by specific-capture ELISA. Results are normalized to L2K control 

and presented as the mean +/- SEM. 
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like cells with 12 out of the 16 polygons resulted in significant IFN-β release with minimal IL-6 or 

IL-8 production compared to the transfection reagent alone control. We observed no statistically 

significant difference in the release of IL-6 and IL-8 for polygons compared to our positive controls 

poly dA:dT and poly (I:C). These data suggest that these polygons primarily promote an interferon 

response rather than a damaging inflammatory cytokine production.  The cytokine responses to 

these polygons did not show a clear dose dependency, potentially due to ligand saturation effects 

or reductions in cell viability resulting from greater activation and terminal differentiation of these 

cells, although it should be noted that such reductions were not statistically significant (Figure 23E).  

Additionally, we observed that the nucleic acid composition of the TNA polygons significantly 

affected the release of inflammatory mediators. We observed that the polygons composed 

exclusively of RNA, or those that had central strand of RNA or DNA, stimulated a robust 10 to 40-

fold increase in IFN-β responses compared to transfection reagent alone control. Additionally, 

compared to our positive controls, RNA and DNA center polygons induced a significant increase 

in the release of IFN-β further indicating the potency of these polygons as an interferon stimulus. 

In contrast, polygons composed exclusively of DNA do not stimulate significant IFN-β release 

above our transfection reagent alone control and induced significantly less release of IFN-β 

compared to our positive controls. These data suggest an RNA composition is required to stimulate 

an interferon response. Additionally, our data indicate DNA polygons are more immunologically 

quiescent compared to other polygon compositions and our positive controls. Interestingly, we 

observed a trend in inflammatory mediator responses attributable to polygon type for nano-TNAs 

composed exclusively of RNA, or TNAs composed of DNA with an RNA center. For these 

compositions, triangle and pentagon structures tended to simulate more IFN-β release compared to 

tetragon and hexagon compositions, suggesting a role for polygon type in cytokine production.  

However, further investigations will be required to definitively establish the role of polygon type 

in immune mediator release. Overall, these results hold promise for the development of these novel 

polygon nano-TNAs for clinical use given that their nucleic acid composition may dictate the 
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cytokine response of the recipient.  For example, all polygons composed solely of DNA elicit 

minimal inflammatory cytokine responses, thus avoiding the negative effects often associated with 

nanoparticle delivery, while RNA polygons may have use as adjuvants due to their ability to 

stimulate interferon responses. As such, these nano-TNAs provide an opportunity to engineer 

specific therapies for a variety of medical purposes.  

To construct a model that allows engineering of nucleic acid-based polygons with predicted 

immunological activities for further biological screening, we applied QSAR modeling technique to 

the experimental dataset of the 16 polygons (Figure 27). The two types of descriptors together with 

Random Forest were used for developing of QSAR models. To investigate the informativeness of 

the descriptors we built three separate models. The first model was based only on the 

physicochemical properties. The second model was based only on the sequence-based descriptors 

and the third model was based on both physicochemical properties together with sequence-based 

descriptors. The performance of each model was evaluated by 5-fold CV procedure (Figure 28). 

The statistical characteristics of the generated models are presented in Table 2.  

Figure 27. Schematic representation of quantitative structure-activity relationship (QSAR) 

modeling used in this project. 

Figure 26. Examples of model accuracy estimations for IFN-β, IL-6, and IL-8 datasets obtained 

by 5-fold Cross Validation procedure. 
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Table 2. Model accuracy estimated during 5-fold cross validation procedure. 

 

 

As shown in Table 2, the models constructed using two types of descriptors together 

demonstrated strong predictive power. All models showed negative determination coefficients after 

y-randomization procedures, proving the lack of correlations by chance. The models based only on 

sequence descriptors showed poor predictivity for IFN-β and IL-6 responses, and moderate 

predictivity for IL-8. The best predictive accuracy was obtained using only the physicochemical 

descriptors. These results are not surprising since the developed polygons have little variation 

across their sequences. However, the sequence information still showed some effect in the models, 

especially for IL-8 responses, and might play a significant role in predicting the behavior of 

polygons with more diverse shapes and structures. Thus, to predict immune responses to novel 

structure-diverse polygons, the models based on both descriptor types, as well as models based 

only on physicochemical descriptors, should be applied to predict nano-TNA immunomodulatory 

activity.  

As mentioned above, the best prediction results were obtained using the physicochemical 

descriptors. Besides yielding good accuracy, these types of descriptors allow mining for clear 

interpretations of the developed models. Since the RF algorithm was used to build the QSAR 

models, the contribution of each descriptor into the tree-based model can be readily calculated. 

Thus, for each descriptor, we calculated an importance value as a ratio of the number of models, 

which used the descriptor as a split of the tree to the number of times the descriptor was the 

candidate for splitting. The sum of the importance values for all descriptors was scaled to 100% for 

comparison purposes. The results obtained are presented in Table 3. 

 
IFN-β IL-6 IL-8 

Descriptors R2 RMSE R2
y-

rand 

R2 RMSE R2
y-

rand 

R2 RMSE R2
y-

rand 

physicochemical (PC) 0.728 7.806 -0.318 0.803 1.333 -0.252 0.669 0.486 -0.358 

sequence-based (Seq) 0.392 11.66 -0.649 0.353 2.415 -0.674 0.539 0.574 -0.706 

PC and Seq 0.696 8.225 -0.540 0.682 1.694 -0.469 0.565 0.558 -0.614 
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Table 3. Descriptor’s contribution into the Random Forest models. Bold and italic font represents 

the most important descriptors. 

 Table 3 shows that MW, Tm, and τ provide the major contributors to the RF models across all 

immune response activities. These important descriptors have interesting relationships with 

biological activities. It can be seen that DNA-based nanoparticles that have lower Tm values also 

induce low immune responses. Interestingly, the low decay time (30 min and less) for most of the 

nanoparticles corresponded to higher immune-response values. Although clear relationships 

between the physicochemical properties of nanoparticles and biological activities were discovered 

during modeling, future extension of the data set will improve the predictivity of these models and 

increase the confidence level in result interpretation.  

3.4 Conclusion 

In conclusion, we have developed novel nano-TNA platforms that are highly reconfigurable in 

both their physicochemical and immunological properties. These nano-TNAs can be specifically 

designed with the desired size, shape, melting temperature, enzymatic decay rates, and 

immunomodulatory activity. Our data strongly indicate that the nucleic acid composition of the 

nano-TNAs, specifically the combination of RNA to DNA, determines many of the 

physicochemical and immunological properties. Our data indicates that the properties of RNA and 

DNA determine stability factors including Tm and τ. Here, we demonstrate that nucleic acid 

composition also determines immunomodulatory activity. Nano-TNAs with an RNA composition 

 
IFN-β IL-6 IL-8 

MW 20.54% 19.29% 19.38% 

GC content 11.94% 5.96% 6.98% 

Size (diameter) 2.99% 2.98% 5.99% 

Tm, °C 24.01% 25.04% 21.88% 

τ, min 31.30% 30.38% 31.38% 

KD, nM 9.23% 16.36% 14.39% 
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stimulate a robust interferon response and minimal inflammatory cytokine release. In contrast, 

nano-TNAs composed solely of DNA stimulate minimal interferon and inflammatory cytokine 

release. Additionally, we observed a trend for polygon type to contribute to the robustness of the 

immunological response. While our current data focuses on defining the role of polygon type and 

composition in initiating an immune response using one transfection reagent for delivery, 

preliminary experiments conducted using two additional transfection reagents display similar 

trends in the cytokine profile released in response to polygon transfection (Figure 29). These results 

suggest that the conclusions from our current data could be applied to additional carriers. However, 

future studies are necessary to fully investigate the role of lipid-based carriers in delivery and 

initiation of polygon induced immune responses in order to translate these nano-TNAs to clinical 

use. Interestingly, by developing QSAR models we were able to demonstrate that the 

physicochemical properties of the nano-TNAs, which are determined by the ratio of RNA and 

Figure 28. Human microglia-like cell lines were transfected with nanoparticles at a final 

concentration of 5 nM and 25 nM using the transfection reagents jetPrime (A-B) or Mirus TransIT-

X2 (B-C) and following the manufacturer’s protocols. 24 hours post transfection with RNA, DNA 

and RNA/DNA polygons, cell supernatants were collected and levels of IL-6 (A, C) and IFN-β (B, 

D) production were assessed by specific-capture ELISA. Results were normalized to transfection 

reagent alone treated cells. Data shown is an N=1. 
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DNA, are the best predictors of immunological activity. Specifically, MW, Tm, and τ predict nano-

TNA immunomodulatory activity. The QSAR models have also allowed for the generation of a 

library of nano-TNAs and their predicted immunological activity. Most importantly, the 

construction of this library provides a set of design principles for nano-TNAs. These design 

principles allow engineering nano-TNAs with specific physicochemical and immunological 

properties for desired medical applications. The flexibility of designing nano-TNAs with differing 

RNA and DNA composition as well as polygon type provides the potential for efficient and cost-

Figure 29. Examples of experimental determination of dissociation constants (KD), melting 

temperatures (Tm), and stabilities in blood serum (τ). (A) For equilibrium dissociation constant 

(KD) assay: fixed amounts of IR-700 labeled dT2 was titrated with increasing amount of unlabeled 

strands corresponding to triangle, tetragon, pentagon, and hexagon. The assembled polygons were 

subjected to 7% native-PAGE analysis shown on left. Titration curve fitting data is demonstrated 

on the right with corresponding apparent KD values (+/- SEM). (B) Representative UV-melting 

curves for RNA polygons. Sigmoidal curves exhibited one transition at Tm ~80°C in all cases. The 

exact melting temperatures for polygons were determined from first derivative plots of 

corresponding melting curves. (C) Time dependent degradation profiles for RNA polygons (at 1 

µM) in 2% (v/v) FBS at 37 °C. 
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effective development of an extensive library of nano-TNAs with an array of physicochemical and 

immunological properties. Studies are ongoing to identify the molecular mechanisms, such as 

cytosolic nucleic acid sensors, that underlie the immune responses of these cells to our nano-TNAs. 

The ability to tailor these key nano-TNA properties to therapeutic applications brings us one step 

closer to a more personalized medical treatment plan for patients for a myriad of diseases and 

conditions.   

Table 4. The data set for 16 polygons used for QSAR modeling. 

 

 

 

 

 

 

 

Polygons MW 

(g/mole) 

GC 

content 

(%) 

D 

(nm) 

Tm 

(°C) 

τ 

(min

) 

KD 

(nM

) 

IFN-β 

(a.u.) 

IL-6 

(a.u.) 

IL-8 

(a.u.) 

RNA Triangle 76208.3 ~31 ~15 ~79 ~7 ~10 ~36.16 ~8.23 ~3.4 

RNA Tetragon 101133.1 ~33 ~17 ~83 ~7 ~10 ~30.45 ~6.65 ~2.15 

RNA Pentagon 126057.8 ~33.5 ~20 ~82 ~7 ~10 ~44.49 ~9.21 ~3.43 

RNA Hexagon 150997.6 ~32.3 ~24 ~83 ~7 ~10 ~32.98 ~7.80 ~2.13 

DNA Triangle 73450.5 ~31 ~15 ~59 ~60 ~30 ~0.82 ~1.20 ~0.90 

DNA Tetragon 97435.9 ~33 ~16 ~61 ~60 ~30 ~0.93 ~1.44 ~1.06 

DNA Pentagon 121421.3 ~33.5 ~19 ~60 ~60 ~30 ~1.01 ~1.59 ~1.01 

DNA Hexagon 145407.8 ~32.3 ~23 ~62 ~60 ~30 ~0.82 ~1.42 ~1.03 

R_Center Triangle 74319.7 ~31 ~14 ~70 ~30 ~10 ~14.51 ~5.64 ~1.22 

R_Center Tetragon 98608.9 ~33 ~16 ~73 ~60 ~10 ~11.52 ~4.38 ~0.92 

R_Center Pentagon 122884 ~33.5 ~19 ~69 ~60 ~10 ~15.16 ~5.47 ~1.17 

R_Center Hexagon 147188.2 ~32.3 ~25 ~71 ~60 ~10 ~6.75 ~3.73 ~1.32 

D_Center Triangle 75339.1 ~31 ~14 ~68 ~15 ~50 ~33.37 ~9.06 ~2.88 

D_Center Tetragon 99960.1 ~33 ~15 ~74 ~20 ~50 ~35.46 ~9.08 ~2.06 

D_Center Pentagon 124595.1 ~33.5 ~19 ~72 ~20 ~50 ~32.20 ~8.82 ~2.34 

D_Center Hexagon 149217.2 ~32.3 ~25 ~73 ~20 ~50 ~30.93 ~8.63 ~2.07 
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Table 5. Immunogenic values experimentally observed and predicted with QSAR model based on 

physicochemical descriptors. 

 

 

3.4.1 Sequences used in this project 

Compositions of 16 polygons used in this project: 

RNA polygons: 

RNA Triangle 5'→3'  

rT1: 

GGAUGCUGGUACUUUUGAAACAUUUCGAGUCGCGAGGGUUUUCCCAUCGUUGGCC

CGUAUCGCGUUUUCUUAUGAAGA 

rT2: 

GGUCGCGACCUUCUUUUCCCUCGCGACUCGAAAUGUUUCUUUUCGAGGUCGCCC 

rT3: 

GGAUCUUUCGCCUUUUCGCGAUACGGGCCAACGAUGGGUUUUGAAGGUCGCGAC 

rT4: 

GGGCGACCUCGUUUUGUACCAGCAUCCUCUUCAUAAGUUUUGGCGAAAGAUCC 

RNA Square 5'→3' 

rS1:GGAUGCUGGUACUUUUGUUGGCCGAGACCAUAUCCCGGUUUUGAAACAUUUC

GAGUCGCGAGGGUUUUCCCAUCGUUGGCCCGUAUCGCGUUUUCUUAUGAAGA 

rT2: 

GGUCGCGACCUUCUUUUCCCUCGCGACUCGAAAUGUUUCUUUUCGAGGUCGCCC 

rT3: 

GGAUCUUUCGCCUUUUCGCGAUACGGGCCAACGAUGGGUUUUGAAGGUCGCGAC 

rT4: 

GGGCGACCUCGUUUUGUACCAGCAUCCUCUUCAUAAGUUUUGGCGAAAGAUCC 

rS5: GGGCGACCUCGUUUUCCGGGAUAUGGUCUCGGCCAACUUUUCGAGGUCGCCC 

  

Observed IFN-β 

(a.u.) 

Predicted IFN-β 

(a.u.) 

Observed IL-6 

(a.u.) 

Predicted IL-6 

(a.u.) 

Observed IL-8  

(a.u.) 

Predicted IL-8  

(a.u.) 

RNA Triangle 
~36.16 

~30.35 
~8.23 

~7.52 
~3.4 

~2.55 

RNA Square 
~30.45 

~34.39 
~6.65 

~8.36 
~2.15 

~2.20 

RNA Pentagon 
~44.49 

~30.54 
~9.21 

~7.35 
~3.43 

~2.24 

RNA Hexagon 
~32.98 

~30.44 
~7.80 

~7.62 
~2.13 

~2.56 

R_Center Triangle 
~0.82 

~7.52 
~1.20 

~4.78 
~0.90 

~1.32 

R_Center Square 
~0.93 

~14.47 
~1.44 

~5.47 
~1.06 

~1.54 

R_Center Pentagon 
~1.01 

~11.93 
~1.59 

~3.83 
~1.01 

~1.43 

R_Center Hexagon 
~0.82 

~18.91 
~1.42 

~4.67 
~1.03 

~1.21 

DNA Triangle 
~14.51 

~11.74 
~5.64 

~3.38 
~1.22 

~1.24 

DNA Square 
~11.52 

~7.97 
~4.38 

~3.15 
~0.92 

~1.04 

DNA Pentagon 
~15.16 

~11.43 
~5.47 

~3.12 
~1.17 

~1.22 

DNA Hexagon 
~6.75 

~13.28 
~3.73 

~2.83 
~1.32 

~1.32 

D_Center Triangle 
~33.37 

~27.46 
~9.06 

~7.68 
~2.88 

~2.13 

D_Center Square 
~35.46 

~29.31 
~9.08 

~7.93 
~2.06 

~2.41 

D_Center Pentagon 
~32.20 

~30.33 
~8.82 

~8.46 
~2.34 

~2.39 

D_Center Hexagon 
~30.93 

~30.80 
~8.63 

~7.81 
~2.07 

~2.11 
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RNA Pentagon 5'→3' 

rP1:GGAUGCUGGUACUUUUGUUGGCCGAGACCAUAUCCCGGUUUUGGGCCAACUCU

UAGCGUGUCCGUUUUGAAACAUUUCGAGUCGCGAGGGUUUUCCCAUCGUUGGCCC

GUAUCGCGUUUUCUUAUGAAGA 

rT2: 

GGUCGCGACCUUCUUUUCCCUCGCGACUCGAAAUGUUUCUUUUCGAGGUCGCCC 

rT3: 

GGAUCUUUCGCCUUUUCGCGAUACGGGCCAACGAUGGGUUUUGAAGGUCGCGAC 

rT4: 

GGGCGACCUCGUUUUGUACCAGCAUCCUCUUCAUAAGUUUUGGCGAAAGAUCC 

rS5: GGGCGACCUCGUUUUCCGGGAUAUGGUCUCGGCCAACUUUUCGAGGUCGCCC 

rP6: GGGCGACCUCGUUUUCGGACACGCUAAGAGUUGGCCCUUUUCGAGGUCGCCC 

RNA Hexagon 5'→3' 

rH1:GGAUGCUGGUACUUUUGUUGGCCGAGACCAUAUCCCGGUUUUGGGCCAACUC

UUAGCGUGUCCGUUUUGGGGCCGAUAUCGAACCGGGUGUUUUGAAACAUUUCGAG

UCGCGAGGGUUUUCCCAUCGUUGGCCCGUAUCGCGUUUUCUUAUGAAGA 

rT2: 

GGUCGCGACCUUCUUUUCCCUCGCGACUCGAAAUGUUUCUUUUCGAGGUCGCCC 

rT3: 

GGAUCUUUCGCCUUUUCGCGAUACGGGCCAACGAUGGGUUUUGAAGGUCGCGAC 

rT4: 

GGGCGACCUCGUUUUGUACCAGCAUCCUCUUCAUAAGUUUUGGCGAAAGAUCC 

rS5: GGGCGACCUCGUUUUCCGGGAUAUGGUCUCGGCCAACUUUUCGAGGUCGCCC 

rP6: GGGCGACCUCGUUUUCGGACACGCUAAGAGUUGGCCCUUUUCGAGGUCGCCC 

rH7: GGGCGACCUCGUUUUCACCCGGUUCGAUAUCGGCCCCUUUUCGAGGUCGCCC 

DNA polygons: 

DNA Triangle 5'→3' 

dT1: 

GGATGCTGGTACTTTTGAAACATTTCGAGTCGCGAGGGTTTTCCCATCGTTGGCCCGT

ATCGCGTTTTCTTATGAAGA 

dT2: GGTCGCGACCTTCTTTTCCCTCGCGACTCGAAATGTTTCTTTTCGAGGTCGCCC 

dT3: GGATCTTTCGCCTTTTCGCGATACGGGCCAACGATGGGTTTTGAAGGTCGCGAC 

dT4: GGGCGACCTCGTTTTGTACCAGCATCCTCTTCATAAGTTTTGGCGAAAGATCC 

DNA Square 5'→3' 

dS1:GGATGCTGGTACTTTTGTTGGCCGAGACCATATCCCGGTTTTGAAACATTTCGAG

TCGCGAGGGTTTTCCCATCGTTGGCCCGTATCGCGTTTTCTTATGAAGA 

dT2: GGTCGCGACCTTCTTTTCCCTCGCGACTCGAAATGTTTCTTTTCGAGGTCGCCC 

dT3: GGATCTTTCGCCTTTTCGCGATACGGGCCAACGATGGGTTTTGAAGGTCGCGAC 

dT4: GGGCGACCTCGTTTTGTACCAGCATCCTCTTCATAAGTTTTGGCGAAAGATCC 

dS5: GGGCGACCTCGTTTTCCGGGATATGGTCTCGGCCAACTTTTCGAGGTCGCCC 

DNA Pentagon 5'→3' 

dP1:GGATGCTGGTACTTTTGTTGGCCGAGACCATATCCCGGTTTTGGGCCAACTCTTA

GCGTGTCCGTTTTGAAACATTTCGAGTCGCGAGGGTTTTCCCATCGTTGGCCCGTATC

GCGTTTTCTTATGAAGA 

dT2: GGTCGCGACCTTCTTTTCCCTCGCGACTCGAAATGTTTCTTTTCGAGGTCGCCC 

dT3: GGATCTTTCGCCTTTTCGCGATACGGGCCAACGATGGGTTTTGAAGGTCGCGAC 

dT4: GGGCGACCTCGTTTTGTACCAGCATCCTCTTCATAAGTTTTGGCGAAAGATCC 

dS5: GGGCGACCTCGTTTTCCGGGATATGGTCTCGGCCAACTTTTCGAGGTCGCCC 

dP6: GGGCGACCTCGTTTTCGGACACGCTAAGAGTTGGCCCTTTTCGAGGTCGCCC 

DNA Hexagon 5'→3' 

dH1:GGATGCTGGTACTTTTGTTGGCCGAGACCATATCCCGGTTTTGGGCCAACTCTTA
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GCGTGTCCGTTTTGGGGCCGATATCGAACCGGGTGTTTTGAAACATTTCGAGTCGCG

AGGGTTTTCCCATCGTTGGCCCGTATCGCGTTTTCTTATGAAGA 

dT2: GGTCGCGACCTTCTTTTCCCTCGCGACTCGAAATGTTTCTTTTCGAGGTCGCCC 

dT3: GGATCTTTCGCCTTTTCGCGATACGGGCCAACGATGGGTTTTGAAGGTCGCGAC 

dT4: GGGCGACCTCGTTTTGTACCAGCATCCTCTTCATAAGTTTTGGCGAAAGATCC 

dS5: GGGCGACCTCGTTTTCCGGGATATGGTCTCGGCCAACTTTTCGAGGTCGCCC 

dP6: GGGCGACCTCGTTTTCGGACACGCTAAGAGTTGGCCCTTTTCGAGGTCGCCC  

dH7: GGGCGACCTCGTTTTCACCCGGTTCGATATCGGCCCCTTTTCGAGGTCGCCC 

DNA center Polygons: 

DNA_center Triangle 5'→3' 

dT1:GGATGCTGGTACTTTTGAAACATTTCGAGTCGCGAGGGTTTTCCCATCGTTGGCC

CGTATCGCGTTTTCTTATGAAGA 

rT2: 

GGUCGCGACCUUCUUUUCCCUCGCGACUCGAAAUGUUUCUUUUCGAGGUCGCCC 

rT3: 

GGAUCUUUCGCCUUUUCGCGAUACGGGCCAACGAUGGGUUUUGAAGGUCGCGAC 

rT4: 

GGGCGACCUCGUUUUGUACCAGCAUCCUCUUCAUAAGUUUUGGCGAAAGAUCC 

DNA_center Square 5'→3' 

dS1:GGATGCTGGTACTTTTGTTGGCCGAGACCATATCCCGGTTTTGAAACATTTCGAG

TCGCGAGGGTTTTCCCATCGTTGGCCCGTATCGCGTTTTCTTATGAAGA 

rT2: 

GGUCGCGACCUUCUUUUCCCUCGCGACUCGAAAUGUUUCUUUUCGAGGUCGCCC 

rT3: 

GGAUCUUUCGCCUUUUCGCGAUACGGGCCAACGAUGGGUUUUGAAGGUCGCGAC 

rT4: 

GGGCGACCUCGUUUUGUACCAGCAUCCUCUUCAUAAGUUUUGGCGAAAGAUCC 

rS5: GGGCGACCUCGUUUUCCGGGAUAUGGUCUCGGCCAACUUUUCGAGGUCGCCC 

DNA_center Pentagon 5'→3' 

dP1:GGATGCTGGTACTTTTGTTGGCCGAGACCATATCCCGGTTTTGGGCCAACTCTTA

GCGTGTCCGTTTTGAAACATTTCGAGTCGCGAGGGTTTTCCCATCGTTGGCCCGTATC

GCGTTTTCTTATGAAGA 

rT2: 

GGUCGCGACCUUCUUUUCCCUCGCGACUCGAAAUGUUUCUUUUCGAGGUCGCCC 

rT3: 

GGAUCUUUCGCCUUUUCGCGAUACGGGCCAACGAUGGGUUUUGAAGGUCGCGAC 

rT4: 

GGGCGACCUCGUUUUGUACCAGCAUCCUCUUCAUAAGUUUUGGCGAAAGAUCC 

rS5: GGGCGACCUCGUUUUCCGGGAUAUGGUCUCGGCCAACUUUUCGAGGUCGCCC 

rP6: GGGCGACCUCGUUUUCGGACACGCUAAGAGUUGGCCCUUUUCGAGGUCGCCC 

DNA_center Hexagon 5'→3' 

dH1:GGATGCTGGTACTTTTGTTGGCCGAGACCATATCCCGGTTTTGGGCCAACTCTTA

GCGTGTCCGTTTTGGGGCCGATATCGAACCGGGTGTTTTGAAACATTTCGAGTCGCG

AGGGTTTTCCCATCGTTGGCCCGTATCGCGTTTTCTTATGAAGA 

rT2: 

GGUCGCGACCUUCUUUUCCCUCGCGACUCGAAAUGUUUCUUUUCGAGGUCGCCC 

rT3: 

GGAUCUUUCGCCUUUUCGCGAUACGGGCCAACGAUGGGUUUUGAAGGUCGCGAC 

rT4: 

GGGCGACCUCGUUUUGUACCAGCAUCCUCUUCAUAAGUUUUGGCGAAAGAUCC 

rS5: GGGCGACCUCGUUUUCCGGGAUAUGGUCUCGGCCAACUUUUCGAGGUCGCCC 
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rP6: GGGCGACCUCGUUUUCGGACACGCUAAGAGUUGGCCCUUUUCGAGGUCGCCC 

rH7: GGGCGACCUCGUUUUCACCCGGUUCGAUAUCGGCCCCUUUUCGAGGUCGCCC 

RNA center polygons: 

RNA_center Triangle 5'→3' 

rT1:  

GGAUGCUGGUACUUUUGAAACAUUUCGAGUCGCGAGGGUUUUCCCAUCGUUGGCC

CGUAUCGCGUUUUCUUAUGAAGA 

dT2: GGTCGCGACCTTCTTTTCCCTCGCGACTCGAAATGTTTCTTTTCGAGGTCGCCC 

dT3: GGATCTTTCGCCTTTTCGCGATACGGGCCAACGATGGGTTTTGAAGGTCGCGAC 

dT4: GGGCGACCTCGTTTTGTACCAGCATCCTCTTCATAAGTTTTGGCGAAAGATCC 

RNA_center Square 5'→3' 

rS1:GGAUGCUGGUACUUUUGUUGGCCGAGACCAUAUCCCGGUUUUGAAACAUUUC

GAGUCGCGAGGGUUUUCCCAUCGUUGGCCCGUAUCGCGUUUUCUUAUGAAGA 

dT2: GGTCGCGACCTTCTTTTCCCTCGCGACTCGAAATGTTTCTTTTCGAGGTCGCCC 

dT3: GGATCTTTCGCCTTTTCGCGATACGGGCCAACGATGGGTTTTGAAGGTCGCGAC 

dT4: GGGCGACCTCGTTTTGTACCAGCATCCTCTTCATAAGTTTTGGCGAAAGATCC 

dS5: GGGCGACCTCGTTTTCCGGGATATGGTCTCGGCCAACTTTTCGAGGTCGCCC 

RNA_center Pentagon 5'→3' 

rP1:GGAUGCUGGUACUUUUGUUGGCCGAGACCAUAUCCCGGUUUUGGGCCAACUCU

UAGCGUGUCCGUUUUGAAACAUUUCGAGUCGCGAGGGUUUUCCCAUCGUUGGCCC

GUAUCGCGUUUUCUUAUGAAGA 

dT2: GGTCGCGACCTTCTTTTCCCTCGCGACTCGAAATGTTTCTTTTCGAGGTCGCCC 

dT3:  GGATCTTTCGCCTTTTCGCGATACGGGCCAACGATGGGTTTTGAAGGTCGCGAC 

dT4: GGGCGACCTCGTTTTGTACCAGCATCCTCTTCATAAGTTTTGGCGAAAGATCC 

dS5: GGGCGACCTCGTTTTCCGGGATATGGTCTCGGCCAACTTTTCGAGGTCGCCC 

dP6: GGGCGACCTCGTTTTCGGACACGCTAAGAGTTGGCCCTTTTCGAGGTCGCCC 

RNA_center Hexagon 5'→3' 

rH1:GGAUGCUGGUACUUUUGUUGGCCGAGACCAUAUCCCGGUUUUGGGCCAACUC

UUAGCGUGUCCGUUUUGGGGCCGAUAUCGAACCGGGUGUUUUGAAACAUUUCGAG

UCGCGAGGGUUUUCCCAUCGUUGGCCCGUAUCGCGUUUUCUUAUGAAGA 

dT2: GGTCGCGACCTTCTTTTCCCTCGCGACTCGAAATGTTTCTTTTCGAGGTCGCCC 

dT3: GGATCTTTCGCCTTTTCGCGATACGGGCCAACGATGGGTTTTGAAGGTCGCGAC 

dT4: GGGCGACCTCGTTTTGTACCAGCATCCTCTTCATAAGTTTTGGCGAAAGATCC 

dS5: GGGCGACCTCGTTTTCCGGGATATGGTCTCGGCCAACTTTTCGAGGTCGCCC 

dP6: GGGCGACCTCGTTTTCGGACACGCTAAGAGTTGGCCCTTTTCGAGGTCGCCC 

dH7: GGGCGACCTCGTTTTCACCCGGTTCGATATCGGCCCCTTTTCGAGGTCGCCC 

 

Fluorescently labeled strand used in all uptake experiments: 

dT2 IR-700: IR-700dye-

GGTCGCGACCTTCTTTTCCCTCGCGACTCGAAATGTTTCTTTTCGAGGTCGCCC 
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4 Chapter 4: A cationic amphiphilic co-polymer as a carrier of nucleic acid 

nanoparticles (NANPs) for controlled gene silencing, immunostimulation, and 

biodistribution 

4.1 Introduction 

Therapeutic nucleic acids (TNAs) have garnered considerable attention as potential 

therapeutics for assorted diseases. RNA interference (RNAi) inducers, aptamers, and 

immunostimulatory nucleic acids have been studied for their ability to treat both endogenous and 

infectious diseases. The latest success of the first RNAi-based therapeutic agent (Patisiran) 1, FDA-

approved in 2018, makes advances in the composition and delivery of TNAs timely and important 

2-5. Recently, a new generation of nucleic acid-based nanoparticles (NANPs) functionalized with 

TNAs has been introduced. NANPs are composed of multiple nucleic acid strands programmed to 

self-assemble into defined 3D structures 6 with further possibilities for embedded functionalities 7-

13. Various self-assembling NANPs have been generated to both increase stability and enzymatic 

resistance, as well as to coalesce multiple pharmaceuticals 14-20. The ability to finely control the 

size, shape, multivalencey, and therapeutic payload makes NANP technology an attractive option 

for biomedical applications. Despite advances, hurdles to the rapid translation of NANPs from 

benchtop to clinic include their poor resistance to enzymatic degradation in blood serum, their 

inability to cross biological membranes, and the potential for deleterious immune responses 21-22. 

Therefore, combining potent customizable therapeutic NANPs with stable, non-toxic, and non-

immunogenic carriers would greatly increase the clinical potential of such agents for the treatment 

of a plethora of diseases; however, the effects of NANP size, shape, and composition on relative 

delivery efficiency with the same carrier have not yet been determined. 

A number of effective TNA carriers composed of a wide variety of materials have been 

investigated to combat the difficulties associated with the use of NANPs and each possesses distinct 

features 23-26. In addition, each new formulation varies in terms of toxicity, biodistribution, 

accumulation, in vivo stability, and excretion. Furthermore, different formulations have shown 
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varied success in crossing the blood brain barrier (BBB), a major challenge for the treatment of 

central nervous system (CNS) diseases. Finally, the drug loading capabilities of each formulation 

varies, allowing for various payload magnitudes to be delivered in a single multi-modal platform.      

Cationic lipids, liposomes, and polymers, including polyethylenimine (PEI), poly (β-amino 

esters), and polyamidoamine (PAMAM) dendrimers, have been evaluated as non-viral vectors for 

pDNA and small RNA therapeutics 27-29. Among these carriers, branched PEI (bPEI; 25kDa), 

considered the gold standard for gene transfection, has exhibited the highest transfection efficiency 

among non-viral vectors in serum-free conditions due to its ability to form stable polyplexes with 

nucleic acids and its buffering capacity, which facilitates its endosomal escape via the proton 

sponge effect 30. However, the low transfection efficiency of bPEI in the presence of serum limits 

its potential for use as a vector in vivo.  

 In the present work, we employed the previously described cationic amphiphilic co-

polymer, poly (lactide-co-glycolide)-graft-polyethylenimine (PgP) 31-32 as a carrier for a series of 

NANPs of different shapes and sizes that include three-dimensional cubic 14-15, 33-35, planar ring-like 

36-39, and fibrous 36, 40 RNA self-assembling NANPs. PgP, a micelle-forming co-polymer composed 

of poly (lactic-co-glycolic acid) (PLGA) and bPEI, has previously been characterized and 

demonstrated to be an efficient carrier of siRNA and pDNA in vitro in various cell lines and in the 

rat normal spinal cord in vivo 32. PgP has also been demonstrated to deliver siRNA targeting RhoA 

to spinal cord lesion sites in a rat model of compression injury, achieving sustained RhoA gene 

expression knockdown for up to four weeks and supporting its efficacy as an in vivo TNA delivery 

system 41.   Here, we investigated the effect of NANP size, shape, and composition on PgP/NANP 

polyplex stability, intracellular uptake, silencing efficiency, toxicity, immunostimulatory activity, 

hemocompatibility, and biodistribution, in vitro and/or in vivo. Figure 31 illustrates the 

experimental design of the current work. 
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4.2 Methods 

4.2.1 Synthesis of PgP and NANPs  

PgP was synthesized as previously described using PLGA (4kDa, 50:50, Durect 

Corporation Pelham, AL) and bPEI (MW 25 kDa, Sigma). DNA templates and primers were 

purchased from Integrated DNA Technologies (Coralville, Iowa) and polymerase chain reaction 

(PCR) was performed using primers containing the T7 RNA polymerase promoter sequence to 

amplify the DNA template. To obtain RNAs, in vitro transcription was performed for four hours at 

37 oC using T7 RNA polymerase in a buffer containing 80 mM HEPES-KOH (pH 7.5), 2.5 mM 

spermidine, 50 mM DTT, 2 mM MgCl2, 25 mM rNTPs, 0.2 μM DNA templates and ~100 units/μL 

of T7 RNA polymerase enzyme (isolated in house). Transcription was stopped using RQ1 DNase 

(Promega, WI). RNAs were purified using a denaturing urea gel (PAGE, 10% acrylamide, 8 M 

urea). Gel pieces containing RNAs were excised from the gel and the RNA was eluted overnight 

at 4 oC in 1 X TBE buffer with 300 mM NaCl. The following day, RNAs were precipitated in 2.5 

X volumes of ethanol, followed by a 90% ethanol wash. RNAs were dried using vacuum 

centrifugation and suspended in endotoxin-free double-deionized water. All NANPs were 

assembled using previously published protocols. Briefly, functional RNA rings and fibers were 

assembled by mixing individual monomers at an equimolar ratio, heating to 95 °C for 2 min, snap 

cooling on ice for 2 min, adding 20% volume of 5 X assembly buffer (final concentration: 89 mM 

TB (pH 8.2), 50 mM  KCl, 2 mM MgCl2), and further incubated for 30 min at 30 °C. Functional 

RNA cubes were assembled by mixing all constituent strands at an equimolar ratio and heating to 

95 °C for 2 min. The samples were then snap cooled to 45 °C and incubated for 2 min. Finally, 5X 

assembly buffer was added and the assembly mixture was further incubated at 45 °C for an 

additional 30 min. 

4.2.2 Nuclease protection assay of PgP/DNA duplex polyplexes 

Briefly, DNA duplex (200 nM final) tagged with Alexa488 and Iowa Black quencher 

(PgP/DNA-Al488/IWB) was incubated with PgP at various N/P ratios at 37 oC for 30 minutes (30 
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µL final). Following complexation, 3 μL of RQ1 DNase (Promega, WI) was added to the solution. 

The fluorescence was measured every thirty seconds using a Bio-Rad C1000 Touch Thermal Cycler 

and CFX96 Real Time System (Bio-Rad, Hercules, California). 

4.2.3 Physical characterization of NANPs 

To evaluate the structure of assembled NANPs, 5 µL (50 nM) of each particle was 

deposited on APS-modified mica, incubated for ~2 min and air-dried, as described previously 

according to established protocols. Briefly, AFM was performed using a MultiMode AFM 

Nanoscope IV system (Bruker Instruments, Santa Barbara, CA) in tapping mode. The images were 

recorded with a 1.5 Hz scanning rate using a TESPA-300 probe from Bruker with a resonance 

frequency of 320 kHz and spring constant of about 40 N/m. Images were processed by the 

FemtoScan Online software package (Advanced Technologies Center, Moscow, Russia). Non-

denaturing polyacrylamide gel electrophoresis (Native-PAGE) was performed using 8% 

acrylamide, 37.5:1 acrylamide/bis-acrylamide, run at 4o C. A heparin competition assay was 

performed to ensure structural integrity was maintained. For this assay, each NANP was bound to 

PgP at a 30:1 N/P ratio, then released by electrostatic competition with heparin, and run through 

Native-PAGE. 

4.2.4 Fluorescent microscopy and cellular uptake  

Confocal microscopy imaged were taken using a LSM710 confocal microscope (Carl 

Zeiss, Germany) equipped with a 63X/1.4 magnification lens. In order to confirm an endosomal 

uptake pathway of the PgP complexed RNA, PgP/DS RNA-Al546 were transfected into MDA-

MB-231 cells and incubated for 6 hours, at which point they were washed three times with PBS 

and fixed with 4% paraformaldehyde for 20 minutes at room temperature. For uptake analysis, 

Al546 was imaged by exciting the sample with a DPSS 561 laser and collecting emission at 

wavelengths of 566 and 640 nm, respectively. For co-localization, the cells were permeabilized 

with Tween 20 (0.2% for 30 minutes at room temperature), blocked with 1% BSA, and stained with 

an antibody directed against Rab5 (Santa Cruz, Dallas, TX) and a secondary antibody labeled with 



125 

 

Alexa 647 (Molecular Probes, CA). For Alexa 647 imaging, a 633 nm Helium Neon laser was used 

for excitation at 638 nm and the emission was collected at a wavelength of 755 nm. 

4.2.5 Specific gene silencing and cell viability 

 MDA-MB-231/GFP cells were cultured in DMEM supplemented with 10% FBS and 100 

U/mL penicillin-100 µg/mL streptomycin at 37 °C 5% CO2. Cells were seeded in 24-well plates at 

20,000 cells per well and allowed to adhere overnight. The following day, 50 nM of NANP (GFP) 

was combined with PgP at an N/P ratio of 30:1 for 30 minutes at 37 oC. The PgP/NANP(GFP) 

polyplexes were then added to the cells by mixing with FBS supplemented DMEM. After 72 hours 

of incubation, fluorescent imaging was conducted using an EVOS FL with 10X magnification, and 

quantitative fluorescence was measured using flow cytometry (BD Accuri C6) measuring 10,000 

events per condition. 

B35 neuroblastoma cells (CRL-2754, ATCC, Manassas, VA) at a density of 8 × 104 

cells/well were seeded in 24-well plates in 10% serum-supplemented medium and cultured 

overnight to allow cells adhere to the plate. PgP/NANP(RhoA) polyplexes (1 µg of various 

NANPs) were prepared by mixing PgP and NANPs(RhoA) at an N/P ratio of 30:1.  PgP/NT-siRNA 

at an N/P ratio of 30:1 was prepared as a negative control and Lipofectamine 3000/DS RNA(RhoA) 

was prepared according to manufacturer’s protocol and was used as a positive control. Non-

transfected cells were also used as a control. The cells were transfected with polyplexes in medium 

containing 10% FBS, incubated for 24 hours, and then the media containing polyplexes was 

removed and replaced by fresh medium containing 10% FBS. The cells were then incubated for an 

additional 48 hours. At 72 hours post-transfection, the cells were lysed and total RNA was isolated 

using RNeasy mini kit (Qiagen, Germany). The isolated RNA quality and QUANTIty were 

evaluated by Take 3 using a BioTek synergy microplate reader (BioTek, Synergy HT). 

Complementary DNA (cDNA) was synthesized by reverse transcription reactions with isolated 

total RNA (1.0 µg) using MultiScribeTM reverse transcriptase with random primers (High Capacity 

cDNA Reverse Transcription Kit; Applied Biosystems, Foster city, CA). Real-time PCR was 
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performed using target-specific primers (final concentration: 0.5 µM) and SYBR Green PCR kit in 

a Rotorgene Q thermal cycler (Qiagen). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

was used as an endogenous control.  Primers for RhoA: forward primer: 5'-CAA GGA CCA GTT 

CCC AGA GG -3', reverse primer: 5'-GCT GTG TCC CAT AAA GCC AAC-3'. Primers for 

GAPDH: forward primer: 5'- ATG GCC TTC CGT GTT CCT AC-3'; reverse primer: 5'-TAG CCC 

AGG ATG CCC TTT AG -3'. Relative mRNA expression levels of RhoA were calculated using 

the 2-ΔΔCt method. The minus RT (reverse transcriptase) reactions were performed on a 

representative subset of samples to confirm no genomic DNA contamination. Reaction specificities 

were verified by melting curve analysis. 

4.2.6 Immunostimulation in vitro  

THP1-Dual™ cells (Invivogen, CA) are monocytes engineered to express secreted alkaline 

phosphatase (SEAP) when NF-κB is stimulated and luciferase when the IRF pathway is stimulated. 

THP1-Dual™ cells were plated at 40,000 cells per well in a 96 well-plate and immediately 

transfected with PgP/NANP(GFP) complexes at 100 nM with a 30:1 N/P ratio. R848 (1 μg/mL) 

and poly I:C (0.5 μg/mL) were used as positive controls. After 24 hours of incubation, 20 μL of the 

suspension media was mixed with 50 μL of QUANTI-Luc™ (Invivogen) and the luminescence 

was immediately measured. Furthermore, 20 μL of supernatant media was then mixed with 180 μL 

of QUANTI-Blue™ (Invivogen, CA) and incubated for two hours at 37 oC and the absorbance at 

620 nm was measured. 

HEK-Blue™ hTLR (Invivogen, CA) cells are HEK 293 cells engineered to express a single 

TLR with an NF-κB-inducible SEAP reporter gene. Both HEK-Blue™ hTLR -3 and -7 cells were 

maintained under selective antibiotics as recommended by the manufacturer and were plated in 96-

well plates at 40,000 cells per well. The cells were then transfected with 100 nM PgP/NANP(GFP) 

at a 30:1 N/P ratio for 24 hours. R848 was used as a positive control for hTLR7, and poly I:C for 

hTLR3. Following incubation, 20 μL of the supernatant media was mixed with 180 μL of QUANTI-

Blue™ detection media (Invitrogen, CA) for 2 hours and the absorbance was measured at 620 nm. 
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4.2.7 Hemolysis assay in vitro 

To evaluate the blood compatibility of various PgP/NANP polyplexes, a hemolysis assay 

was performed by adapting a protocol used by Aravindan and co-workers. Polyplexes were 

prepared by mixing PgP with various functionalized NANPs (cubes, rings, and fibers) carrying DS 

RNAs against GFP (an N/P ratio of 30:1) and individual DS RNAs against GFP (an N/P ratio of 

30:1) for comparison. Briefly, rat blood (4 mL) was collected in a heparinized tube via cardiac 

puncture and centrifuged at 700 X g for 20 minutes at 4 oC. The buffy coat and plasma was removed 

and then the erythrocyte (red blood cell) pellet was washed three times with PBS (pH 7.4) by 

centrifuging at 1000 X g for 10 minutes at 4 oC. Erythrocytes were re-suspended in a 3% (w/v) 

solution in PBS. Equal volumes of erythrocyte solution and PgP/NANP(GFP) polyplexes (80 µL 

each) were mixed and incubated for 1 hour at 37 ºC. Following incubation, suspensions were 

centrifuged at 1000 X g for 10 minutes and the pellet and supernatant were separated. The pellet 

was resuspended in PBS and the morphology of erythrocytes was imaged using an inverted 

microscope (Zeiss Axiovert 200, Göttingen, Germany). The supernatant (100 µL) was transferred 

to a 96 well plate and absorbance was measured at 540 nm using a Synergy HT plate reader (Biotek, 

Winooski, VT). PBS and Triton X-100 treatments were used as controls for 0 and 100% hemolysis. 

Hemolysis was QUANTIfied using the following formula:  

𝐴𝑆𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑃𝐵𝑆

𝐴𝑇𝑟𝑖𝑡𝑜𝑛−𝑋 − 𝐴𝑃𝐵𝑆
 ×  100% 

where ASample, APBS, ATriton are the absorbances of the sample, PBS, and Triton X-100, 

respectively.  

4.2.8 Biodistribution of PgP/NANP polyplexes after systemic injection  

To visualize the biodistribution of PgP/NANP polyplexes, the hydrophobic fluorescent dye 

1,1-dioctadecyl-3,3,3,3-tetramethyl indo tricarbocyanine iodide (DiR, PromoCell GmbH, 

Germany)  was loaded in the core of PgP by the solvent evaporation method, followed by 

complexation with either cubes, rings, or fibers functionalized with DS RNAs against GFP or free 
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DS RNAs. Briefly, DiR dye was dissolved in acetone and the DiR solution was added into a PgP 

solution (10 mg/mL) and then incubated for 4 hours at room temperature under constant stirring. 

After loading, the DiR-PgP solution was incubated overnight to evaporate acetone (final DiR 

concentration: 250 μg/mL). The DiR-PgP solution was filtered (0.2 μm pore size) to remove 

unloaded DiR dye. Various DiR-PgP/NANP (50 μg RNA) polyplexes at an N/P ratio 30:1 were 

prepared by mixing various NANP solutions with DiR-PgP and incubated at 37 °C for 30 min. 

Male CD-1 mice (7-8 weeks-old, Charles River Laboratories, MA) were anesthetized using 

isoflurane gas and various DiR-PgP/NANP polyplexes (2 mg/kg, RNA per body weight) were 

injected via tail vein. PgP complexed to DS RNA was used for comparison and untreated mice 

were used as a control group. At 1, 2, 6, and 24 hours post-injection, the animals were imaged by 

a live animal fluorescence imaging system (IVIS Luminar XR, Caliper Life Sciences) under 

anesthesia with isoflurane gas. At 24 hours post-injection, the animals were euthanized by CO2 and 

their organs (liver, heart, lungs, spleen, kidneys, and brain) were harvested for ex vivo organ 

imaging and determination of the fluorescence intensity of the region of interest (ROI). The % of 

organ distribution was calculated as the fluorescence of the organ normalized by the total 

fluorescence of the total organs. quantification of organ accumulation of polyplexes was compared 

for the five groups using analysis of variance with a significance level of 0.05. 

4.2.9 Statistics  

Experimental results are presented as the mean ±SEM. Statistical significance was 

determined using one-way Anova using GraphPad Prism Software Version 7.  
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4.3 Results 

4.3.1 PgP/DNA stability, binding, and nuclease protection assay 

For cost efficiency, all initial in vitro optimization experiments were performed using 

Alexa 488-labeled DNAs rather than labeled RNA. To identify the formation of stable complexes 

of PgP and DNA duplexes (Fig. 32A), a fixed amount of fluorescently tagged DNA duplex was 

mixed with PgP at varying N/P ratios and run through a 2% (w/v) agarose gel. Duplexes not 

complexed with PgP migrated freely through the gels, while the mobility of duplexes 

electrostatically complexed with PgP was limited. Complete retardation was observed at an N:P 

Figure 30. Experimental design of the current work. 

Figure 31. Binding of DNA to PgP leads to protection from nuclease activity. (A) Schematic showing 

electrostatically-driven PgP binding to nucleic acids, (B) gel retardation of various PgP/DNA 

polyplexes prepared using various PgP/DNA ratios (N/P ratio), and (C-D) nuclease protection assay 

of PgP/DNA polyplexes after incubation with DNase I. 
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ratio of 30:1 (Fig. 32B). Above this ratio, additional PgP did not demonstrate any difference in the 

gel. This demonstrated a visual representation of the PgP’s maximum loading capacity and 

confirmed attachment of PgP to nucleic acids. Next, we investigated the ability of the PgP to protect 

the nucleic acid cargo from enzymatic degradation. DNA duplexes tagged with Alexa 488 at the 

5’-side and Iowa Black quencher at the corresponding 3’-side were treated with RQ1 DNase (Fig. 

32C-D). In untreated duplexes, the close proximity of Iowa Black completely quenched the 

fluorescence of Alexa 488. However, upon DNase treatment, the degradation of duplexes and 

further spatial separation of fluorophore and quencher led to activation of the fluorescent signal. 

PgP was shown to successfully shield the attached nucleic acids from enzymatic activity for several 

hours, as evidenced by the minimal increase in fluorescence as compared to the rapidly increasing 

signal in that of free duplexes.  

4.3.2 Intracellular uptake of PgP/RNA or PgP/DNA complexes 

To confirm intracellular uptake and localization, PgP complexed with Alexa 488-labeled 

DS RNAs (PgP/RNA-Al488) were added to breast cancer cells (MDA-MB-231). MDA-MB-231 

cells are an immortalized triple negative breast cancer cell line used frequently in the study of 

cancer therapeutics. The cells proliferate quickly, and are frequently studied as transfection targets 

for nucleic acid therapeutics. Confocal microscopy showed that PgP/RNA-Al488 polyplexes were 

successfully internalized into the cells and distributed in the cytoplasm for extended periods of time 

(Fig. 33A). To confirm that the PgP was taken in via endocytosis, cells were again exposed to 

PgP/RNA-Al488 and co-localization with protein Rab5, which localizes around endosomes to 

promote trafficking 42, was demonstrated (Fig. 2B). The co-localization of the Alexa 488 (green) 

and the anti-Rab5 antibodies (red) demonstrates that the PgP/RNA-Al488 polyplexes were taken 

up and processed via an endosomal pathway. To further confirm this observation, MDA-MB-231 

cells were exposed to PgP/RNA-Al488 or PgP/DNA-Al488 at either 37 oC or 4 oC (Fig. 33C). 

Endocytosis is a temperature-dependent process that has been previously demonstrated to be absent 

in cells under 4 oC conditions 43. Our flow cytometry and microscopy results show that cells 
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exposed to PgP/DNA-Al488 or PgP/RNA-Al488 complexes at 4 oC showed a negligible increase 

in fluorescence, while those transfected with the same sample at 37 oC showed a marked increase 

in fluorescence (Fig 33C-D). These data therefore support our hypothesis that PgP/DNA and 

PgP/RNA polyplexes are taken into cells via endocytosis.  

4.3.3 Characterization of PgP/NANP polyplexes 

The NANPs included in this study were generated utilizing various design strategies and 

were formulated to assemble into robust constructs with distinct connectivity, shapes, and sizes. 

Three-dimensional hexameric RNA cubes assemble via intermolecular Watson-Crick base pairing, 

while planar hexameric RNA rings and linear RNA fibers both assemble via magnesium-dependent 

Figure 32. Intracellular uptake of PgP/DS RNA polyplexes assessed in MDA-

MB-231 human breast cancer cells. (A) Visualization of intracellular uptake of 

polyplexes by confocal microscope; (B) Co-localization of polyplexes with early 

endosomal marker Rab5 confirms an endocytic pathway of internalization; (C) 

Flow cytometry measuring the effect of temperature on intracellular uptake of 

polyplexes (**** denotes p < 0.0005); (D) Fluorescent microscopy and bright-

field overlay of MDA-MB-231 human breast cancer cells transfected with either 

PgP/DS RNA-Al488 or PgP/DNA-Al488 at either 4 oC or 37 oC, 6 hours after 

transfection. 
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intramolecular Watson-Crick base pairing to facilitate intermolecular kissing loop interactions 

(120° ColE1-like for rings and 180° HIV-like for fibers). The cubic RNA structures are designed 

to form solely due to intermolecular forces, avoiding secondary structures within individual strands 

and forming a 3D cube. The rings and fibers are designed to fold via intramolecular interactions, 

exposing kissing loops for strand-strand interactions to form a planar ring. By extending the 

individual strands of each scaffold, cubes, rings, and fibers, can be functionalized with DS RNAs 

against any target and generated via one-pot assembly as previously described 15, 21, 37. The 

assemblies of resulting functional NANPs can then be confirmed by both gel electrophoresis 

(native-PAGE) and atomic force microscopy (AFM) as shown in Fig. 34A-C. An important aspect 

of this study was to determine the effect of functional NANP compositions on their delivery and 

efficacy. As such, it was essential to demonstrate that the NANPs stay intact following release from 

PgP. A heparin competition assay was performed to disrupt the PgP/NANP interaction and release 

the NANP following PgP binding. Gel electrophoresis demonstrates that the model NANPs remain 

Figure 33. Characterization of various functionalized NANPs by AFM and native-PAGE: 

(A) RNA rings functionalized with six Dicer substrate (DS) RNAs, (B) RNA cubes 

functionalized with six DS RNAs, and (C) DS functionalized RNA fibers. (D) Native-

PAGE results confirm the integrity of NANPs upon heparin-assisted release from PgP 

polyplexes. 
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intact following their release (Fig. 34D).  

4.3.4 Gene silencing with PgP/NANP(GFP or RhoA) polyplexes 

We have previously demonstrated that NANPs functionalized with DS RNA against GFP 

efficiently silence GFP expression when transfected into various cell lines using common 

transfection agents such as Lipofectamine 2000 11-12, 21, 38, 44. To confirm the efficacy of PgP as a 

delivery agent, we transfected the breast cancer cell line MDA-MB-231/GFP with the panel of 

PgP/NANP(GFP) polyplexes. The NANPs with multiple DS RNAs against GFP, as well as 

individual GFP DS RNA complexed with PgP, were shown to successfully silence the expression 

of GFP as demonstrated by fluorescent microscopy and flow cytometry (Fig. 35A-B), without 

significant changes in cell viability (Fig. 35C). All transfections were performed at concentrations 

normalized to the amounts of DS RNAs (50 nM). Despite their structural differences, no NANP 

was determined to be significantly better than the others. To further demonstrate therapeutic 

potential in central nervous system injury repair, NANPs decorated with DS RNAs targeting RhoA 

were tested in rat neuroblastoma (B35) cells. Previously, PgP complexed with siRNA against RhoA 

has been demonstrated to treat spinal cord injuries in rats 41. We sought to determine whether RhoA 

DS RNA-functionalized NANPs (Fig. 36A) have enhanced silencing capabilities versus 

conventional DS RNAs. PgP/NANPs(RhoA) were transfected into B35 cells and uptake was 

confirmed (Fig. 36B). We identified that fibers functionalized with RhoA DS RNAs induced 

greater knockdown than cube NANPs, ring NANPs, or standard RhoA siRNA duplexes (Fig. 36C). 

This enhanced knockdown occurred in the absence of significant changes in cell viability (data not 

shown).  
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4.3.5 Hemocompatibility and immunotoxicity of PgP/NANP polyplexes 

To assess the potential for detrimental toxicity that would limit the therapeutic potential of 

PgP/NANP polyplexes, we have assessed the hemocompatibility of these complexes by incubating 

them with rat erythrocytes and investigating their effects on blood cell morphology.  We observed 

that erythrocytes treated with Triton X-100 showed complete hemolysis, while the morphology of 

erythrocytes treated with various PgP/NANP polyplexes were intact and hemolysis was not 

significantly different than that of erythrocytes treated with PBS (Table 5). Figure 37A shows the 

Figure 34. Specific gene silencing with PgP/NANP(GFP) polyplexes and 

cell viability assays tested against GFP expressing breast cancer cells 

(MDA-MB-231/GFP). Fluorescent microscopy (A) shows representative 

images of GFP knockdown by PgP/NANP(GFP) polyplexes. (B) GFP 

knockdown efficiency by cubes (PgP/cubes(GFP)), rings 

(PgP/rings(GFP)), and fibers (PgP/fibers(GFP)) are compared to free DS 

RNAs(GFP) and negative control (siNT), PgP only (0.1 mg/mL) used as 

an additional control. (N=3, **** denotes statistically significant vs. 

untreated cells with p<0.0005, # denotes statistical significance vs. cubes 

with p<0.05). (C) Cell viability by PgP/NANP(GFP) polyplexes (N=3, * 

denotes statistical significance with p<0.05, ** with p<0.005, *** with 

p<0.005). 
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representative images of erythrocytes treated with PBS, Triton X-100, and various PgP/NANP 

polyplexes.   

 Another important pharmaceutical consideration is immunostimulatory activity. 

Previously, NANPs have been shown to elicit the secretion of a number of pro-inflammatory 

cytokines and chemokines 6, 21, 45. In addition, we conducted a quantitative structure-activity 

relationship study using hμglia cells to identify physicochemical contributors to 

immunostimulatory activity 45. These studies, however, were limited to commercially available 

carriers such as L2K, which has no potential for clinical use. We therefore investigated the 

immunogenic properties of PgP/NANPs and determined whether structural differences influenced 

them. NANPs were delivered to hμglia cells using PgP or L2K and the release of the cytokines 

interleukin-6 (IL-6) and interferon-beta (IFN-β) was determined at 24 hours post-exposure by 

specific capture ELISAs. Poly I:C and poly dA:dT, known inducers of immune responses, were 

used as positive controls in these studies.  Delivery of NANPs with L2K induced the release of 

Figure 35. (A) AFM images of RhoA NANPs and (B,C) specific gene silencing with PgP/NANP 

polyplexes targeting RhoA in rat neuroblastoma cells (B35). In all experiments, cubes 

(PgP/cubes(RhoA)), rings (PgP/rings(RhoA)), fibers (PgP/fibers(RhoA)), and individual DS 

RNAs(RhoA) are compared. Negative control siRNA (siNT) and DS RNA transfected with 

Lipofectamine 3000 (L3K) are used as controls. Intracellular uptake of fluorescently labeled 

PgP/Ring-Al488 by confocal microscopy (A) and RhoA gene silencing assessed by RT PCR (B). 
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both IL-6 and IFN-β. Interestingly, cube and ring-shaped NANPs complexed with PgP induced the 

Figure 36. Blood compatibility and immunostimulation with PgP/NANP(GFP) polyplexes. In all 

experiments, cubes (PgP/cubes(GFP)), rings (PgP/rings(GFP)), fibers (PgP/fibers(GFP)), and 

individual DS RNAs(GFP) are compared. (A) Hemolysis assay was conducted using primary rat 

erythrocytes and demonstrated no lysis. (B-C) Immunostimulation of PgP/NANP(GFP) 

polyplexes measured via ELISA of inflammatory cytokines and type I interferons in hµglia cells. 

(D) IRF and NF-κB stimulation as measured by luciferase production and SEAP production, 

respectively, in THP1-Dual™ cells, and (E) TLR stimulation from polyplexes as measured by 

SEAP secretion from HEK-Blue™ hTLR7 cells. In B and C, statistical significance relevant to 

cells, poly I:C, and ring is denoted by *, #, and & respectively (*/# p<0.05, **/##/&& p<0.005, 

### p<0.001, **** p<0.0001).  (D) The role of IRF and NF-κB stimulation were measured using 

THP1-Dual™ cells. Statistical significance compared to cells denoted by *** with p<0.0005 and 

**** with p< 0.0001). (E) HEK-Blue™ hTLR7 cells were transfected with the various PgP/NANP 

complexes and the TLR stimulation was measured using QUANTI-Blue™ detection media (* 

denotes p<0.005). 
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same release of IL-6 compared to a positive control, while fibers induced a significantly lower 

response (Fig. 37B), thus indicating that the structure of NANPs can influence the 

immunostimulatory properties of polyplexes. Additionally, we observed that the delivery of 

NANPs or positive controls complexed with PgP showed much lower IL-6 and IFN-β release than 

transfection using L2K. Only cubes delivered with PgP stimulated detectable release of IL-6 and 

IFN-β when compared to positive control, indicating a link between NANP structure and 

immunogenic properties consistent with previous observations 6. Importantly, these data suggest 

that delivery of NANPs with PgP may reduce potentially detrimental immunogenicity when 

compared to the conventional polycationic lipid-like carriers.  

 Furthermore, the specific contribution made by cellular signaling pathways and individual 

toll-like receptors (TLR) to NANP-induced responses was evaluated using HEK-Blue™ hTLR and 

THP1-Dual™ cells. Engineered THP1-DualTM cells express either SEAP or secreted luciferase 

upon activation of either NF-κB or IRF pathways, respectively. Our results demonstrate that the 

Figure 37. hTLR3 stimulation as measured by HEK-Blue™ 

hTLR3 cells. Positive control Poly I:C stimulates a response 

whereas none of the PgP/NANPs trigger hTLR3 activation. In 

all experiments, cubes (PgP/cubes(GFP)), rings 

(PgP/rings(GFP)), fibers (PgP/fibers(GFP)), and individual 

DS RNAs(GFP) are compared. 
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majority of the response elicited by the PgP/NANP constructs occurs via the IRF pathway (Fig 

37D). The HEK-BlueTM hTLR cell model expresses a single human TLR, which upon stimulation 

activates the production of SEAP for further QUANTIfiable detection. TLRs 3, 7, and 8 are 

responsible for RNA detection in endosomal compartments, with TLR3 recognizing dsRNA and 

TLRs 7 and 8 responsible for ssRNA detection. Therefore, we selected TLR3 and TLR7 receptor-

expressing in vitro models for use in the present study. Our data demonstrate that the TLR7-

mediated immune stimulation is mainly caused by the PgP/cube polyplexes (Fig 37E) while other 

NANPs demonstrated negligible stimulation. Additionally, TLR3 did not show any utilization in 

PgP/NANP recognition (Figure 38). Overall, these results are consistent with our studies on L2K-

mediated NANP delivery in human PBMCs 6, 46. 

4.3.6 Biodistribution of PgP/NANP polyplexes after systemic in vivo administration  

Biodistribution of various DiR-PgP/NANP polyplexes in CD-1 mice was monitored over 24 

hours after intravenous injection using an IVIS live animal imaging system (Fig. 39). As shown in 

Figure 7A, the PgP/NANP polyplexes were distributed throughout the body after 24 hours. 

Interestingly, we observed strong signals in the head by in vivo animal imaging (Fig. 39A), 

suggesting that PgP/NANP polyplexes might be capable of crossing the BBB.  However, only low-

level signal expression was detectable in brain tissue ex vivo (Figure 39B, right), and the same 

analysis showed that the majority of the polyplexes were located in the liver, spleen, and lungs 

(Figure 6B, left). Figure 39C shows the percent organ biodistribution, with a rank order of 

distribution of liver (>70%), spleen, and then lung, with minor distribution to other organs. We 

observed that the percentage biodistribution of both DiR-PgP/cube(GFP) and DiR-PgP/ring(GFP) 

polyplexes to the liver and lung was significantly higher than DS RNA.  Interestingly, we observed 

that all DiR-PgP/NANP polyplexes were detectable in brain tissue for up to 24 hours post-

administration, but it should be noted that their percentage distribution to this site was less than 

1%.  Clearly, further studies will be required to confirm the BBB penetrance of PgP/NANP 

polyplexes.   
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4.4 Discussion 

A principle goal of this study was to determine how the shape and structure of functional 

NANPs affects the stability and efficacy of PgP/NANP polyplexes. The RNA nanoparticle 

structures were selected due to their differences in assembly and shape; the cubes, rings, and fibers 

differ in terms of dimensionality. The cubes are a globular-type structure (3D), whereas the rings 

are planar (2D), and the fibers form long chains of various lengths (1D). The fibers can be 

considered a more pliant structure, which could lead to increased binding to PgP due to ease of 

bending to conform to various surfaces. Such features could impact the delivery and therapeutic 

efficacy of each NANP. In order for duplexes, fibers, or rings to successfully bind to PgP, simple 

bending is needed for the entire structure to be electrostatically bound to the surface; however, due 

to their three dimensional globular-type structure, cubes could require greater deformation in order 

to successfully bind to PgP. While PgP-bound NANPs may undergo some transient deformation, 

we determined that the NANPs remain intact and reassume their original shapes when released.  

Figure 38. Biodistribution of various PgP/NANPs after systemic injection via tail vein in mice. The 

results were analyzed in vivo (A), and ex vivo (B-C). Significant difference (p<0.05) when 

compared to PgP/DS RNA for PgP/NANPs’ accumulation in lungs (*) and in livers (#) are shown. 
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 We administered our polyplexes systemically via tail-vein injection into mice to evaluate 

the role of the NANP structure in their biodistribution. We determined that the polyplexes 

accumulated mainly in the liver and spleen and that such accumulation was independent of NANP 

shape. However, perhaps the most promising result from our biodistribution studies was that all 

structures were found, at least to some extent, to traverse the BBB into the brain (Figs. 7A and E). 

The delivery of bioactive compounds to the brain is a major challenge in the treatment of various 

maladies as the BBB is highly selective, which limits access by most nanoparticles and 

conventional therapeutics. As such, our results suggest that that PgP, an amphiphilic micelle-

forming block copolymer, might be suitable as a nucleic acid delivery carrier to administer NANPs 

of various shapes across the BBB to the CNS.  

A major obstacle to the therapeutic use of nanoparticles with various chemical 

compositions is the sensitivity of the CNS to off-target/immunotoxic effects as resident glial cells 

initiate and propagate immune responses in the CNS. As such, optimizing a therapeutic to enhance 

efficacy while limiting immunotoxicity is paramount for the generation of a successful platform.  

Here, we transfected hμglia cells with NANPs using L2K or PgP and measured the secretion of key 

immune mediators. We observed that NANPs delivered using L2K stimulated the release of both 

IL-6 and IFN-β. Similar to our previous studies with NANPs composed of RNA, we primarily 

observed a robust type I IFN response with only modest inflammatory cytokine responses 45. In 

contrast, we observed no statistically significant release of IL-6 or IFN-  in response to NANPs 

delivered using PgP. Only cubes delivered with PgP stimulated a detectable release of immune 

mediators. Consistent with this finding, cubes were demonstrated to be the only NANP capable of 

stimulating TLR7 when delivered via PgP. The ability of cubes, but not other structures, to elicit 

immune mediator release has been observed previously 6, 46 and could be attributable to the globular 

nature of these nucleic acid nanostructures as opposed to the planar or fibrous structures of rings 

and fibers. Additionally, our data suggests that the delivery of TNAs via PgP reduces the 

immunogenicity of such complexes, raising the exciting possibility that this carrier could limit the 
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detrimental immune responses previously associated with nanoparticle administration. 

Alternatively, several groups have used immunostimulatory nucleic acids to purposefully provoke 

an immune response for therapeutic action. Unmethylated cytosine-phosphate-guanosine (CpG) 

motifs have been delivered using nanoparticles to elicit a response via TLR 9 for targeted immune 

responses 47-48. Other research has used NANPs with chemical modifications of various shapes to 

modulate the immune response 49.This additional control over not only the therapeutic payload but 

also the immunostimulant potential lends another unforeseen layer of control over their application, 

allowing for desired immunostimulation with specific gene silencing on a structure and carrier 

dependent basis. 

Table 6. Hemocompatibility of various PgP/NANP polyplexes at N/P ratio of 30/1 on rat 

erythrocytes in vitro. % hemolysis= (A sample-A PBS) / (A Tritonx-100-A PBS) X 100 

 

4.5 Conclusion 

Here we have demonstrated and evaluated the use of functional NANPs complexed to 

polymeric carriers for the efficient delivery of TNAs. We show uptake and silencing efficacy in a 

manner that is not significantly impacted by the shape or size of the conjugated nucleic acid 

nanoparticle. Additionally, we show that the immunostimulatory activity of these polyplexes is 

markedly lower than that seen with other complexes employing the same NANPs. Expanding the 

          

  

Abs at 540nm  

  sample 1 sample 2 sample 3 % hemolysis 

Triton X-100 0.63 0.621 0.684 100±6.68% 

PBS 0.136 0.142 0.136 0.59±0.68% 

PgP 6 μg (Equivilent to 1 μg NANP) 0.109 0.107 0.102 0.1±0.6% 

PgP 12 μg (Equivilent to 2 μg NANP) 0.068 0.065 0.07 -2.48±0.15% 

PgP/rings(GFP) 1µg 0.095 0.096 0.088 -8.24±0.85% 

PgP/rings(GFP) 2µg 0.127 0.115 0.114 -3.20±1.42% 

PgP/cubes(GFP) 1µg 0.119 0.094 0.104 -5.70±2.47% 

PgP/cubes(GFP) 2µg 0.14 0.143 0.141 1.24±0.30% 

PgP/fibers (GFP) 1µg 0.097 0.125 0.092 -5.95±3.49% 

PgP/fibers(GFP) 2µg 0.128 0.134 0.145 0.13±1.69% 

PgP/DS RNA(GFP) 1µg 0.116 0.106 0.11 -4.77±0.99% 

PgP/DS RNA(GFP) 2µg 0.139 0.148 0.141 1.50±0.93% 
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arsenal of TNAs complexed with PgP to include miRNAs, aptamers, and siRNAs directed against 

other genes could prove highly useful in the treatment of currently intractable diseases and injuries. 

The present demonstration that nanostructured nucleic acids complexed to PgP are effective, non-

toxic, and non-immunogenic support their further development as pharmaceuticals. 

4.5.1 Sequences used in this project 

 

All sequences are shown 5’→3’ 

 

Six-stranded DNA cube without functionalization: 

Strand  A 

GGCAACTTTGATCCCTCGGTTTAGCGCCGGCCTTTTCTCCCACACTTTCACG  

Strand  B 

GGGAAATTTCGTGGTAGGTTTTGTTGCCCGTGTTTCTACGATTACTTTGGTC  

Strand  C 

GGACATTTTCGAGACAGCATTTTTTCCCGACCTTTGCGGATTGTATTTTAGG  

Strand  D 

GGCGCTTTTGACCTTCTGCTTTATGTCCCCTATTTCTTAATGACTTTTGGCC  

Strand  E 

GGGAGATTTAGTCATTAAGTTTTACAATCCGCTTTGTAATCGTAGTTTGTGT  

Strand  F 

GGGATCTTTACCTACCACGTTTTGCTGTCTCGTTTGCAGAAGGTCTTTCCGA  

 

Six-stranded RNA ring functionalized with six DS RNAs against GFP 

Strand  A 

GGGAACCGUCCACUGGUUCCCGCUACGAGAGCCUGCCUCGUAGC 

Strand  B 

GGGAACCGCAGGCUGGUUCCCGCUACGAGAGAACGCCUCGUAGC 

Strand  C 

GGGAACCGCGUUCUGGUUCCCGCUACGAGACGUCUCCUCGUAGC 

Strand  D 

GGGAACCGAGACGUGGUUCCCGCUACGAGUCGUGGUCUCGUAGC  

Strand  E 

GGGAACCACCACGAGGUUCCCGCUACGAGAACCAUCCUCGUAGC  

Strand  F 

GGGAACCGAUGGUUGGUUCCCGCUACGAGAGUGGACCUCGUAGC  

 

Six-stranded RNA cube functionalized with six DS RNAs against GFP: 

Strand  A 

GGCAACUUUGAUCCCUCGGUUUAGCGCCGGCCUUUUCUCCCACACUUUCACGUUC

GGUGGUGCAGAUGAACUUCAGGGUCA 

Strand  B 

GGGAAAUUUCGUGGUAGGUUUUGUUGCCCGUGUUUCUACGAUUACUUUGGUCUUC

GGUGGUGCAGAUGAACUUCAGGGUCA 

Strand  C 

GGACAUUUUCGAGACAGCAUUUUUUCCCGACCUUUGCGGAUUGUAUUUUAGGUUC

GGUGGUGCAGAUGAACUUCAGGGUCA 
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Strand  D 

GGCGCUUUUGACCUUCUGCUUUAUGUCCCCUAUUUCUUAAUGACUUUUGGCCUUC

GGUGGUGCAGAUGAACUUCAGGGUCA 

Strand  E 

GGGAGAUUUAGUCAUUAAGUUUUACAAUCCGCUUUGUAAUCGUAGUUUGUGUUU

CGGUGGUGCAGAUGAACUUCAGGGUCA 

Strand  F 

GGGAUCUUUACCUACCACGUUUUGCUGUCUCGUUUGCAGAAGGUCUUUCCGAUUC

GGUGGUGCAGAUGAACUUCAGGGUCA 

 

Six-stranded RNA ring functionalized with six DS RNAs against GFP: 

Strand  A 

GGGAACCGUCCACUGGUUCCCGCUACGAGAGCCUGCCUCGUAGCUUCGGUGGUGC

AGAUGAACUUCAGGGUCA 

Strand  B 

GGGAACCGCAGGCUGGUUCCCGCUACGAGAGAACGCCUCGUAGCUUCGGUGGUGC

AGAUGAACUUCAGGGUCA 

Strand  C 

GGGAACCGCGUUCUGGUUCCCGCUACGAGACGUCUCCUCGUAGCUUCGGUGGUGC

AGAUGAACUUCAGGGUCA 

Strand  D 

GGGAACCGAGACGUGGUUCCCGCUACGAGUCGUGGUCUCGUAGCUUCGGUGGUGC

AGAUGAACUUCAGGGUCA 

Strand  E 

GGGAACCACCACGAGGUUCCCGCUACGAGAACCAUCCUCGUAGCUUCGGUGGUGC

AGAUGAACUUCAGGGUCA 

Strand  F 

GGGAACCGAUGGUUGGUUCCCGCUACGAGAGUGGACCUCGUAGCUUCGGUGGUGC

AGAUGAACUUCAGGGUCA 

 

RNA fiber functionalized with DS RNAs against GFP: 

Strand  A 

GGGAAUCCAAGGAGGCAGGAUUCCCGUCACAGAAGGAGGCACUGUGAC 

Strand  B 

GGGAACGUAAGCCUCCAACGUUCCCGGAUGCUAAGCCUCCAAGCAUCCUUUGGUG

GUGCAGAUGAACUUCAGGGUCA 

 

GFP Sense 

pACCCUGAAGUUCAUCUGCACCACCG 

“p” denotes phosphate 

 

GFP Antisense 

CGGUGGUGCAGAUGAACUUCAGGGUCA 

 

Six-stranded RNA cube functionalized with six DS RNAs against RhoA: 

Strand  A 

GGCAACUUUGAUCCCUCGGUUUAGCGCCGGCCUUUUCUCCCACACUUUCACGUUC

CUGCUUCAUUUUGGCUAACUCCCGCCUU  

Strand  B 

GGGAAAUUUCGUGGUAGGUUUUGUUGCCCGUGUUUCUACGAUUACUUUGGUCUUC

CUGCUUCAUUUUGGCUAACUCCCGCCUU  
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Strand  C 

GGACAUUUUCGAGACAGCAUUUUUUCCCGACCUUUGCGGAUUGUAUUUUAGGUUC

CUGCUUCAUUUUGGCUAACUCCCGCCUU  

Strand  D 

GGCGCUUUUGACCUUCUGCUUUAUGUCCCCUAUUUCUUAAUGACUUUUGGCCUUC

CUGCUUCAUUUUGGCUAACUCCCGCCUU  

Strand E 

GGGAGAUUUAGUCAUUAAGUUUUACAAUCCGCUUUGUAAUCGUAGUUUGUGUUU

CCUGCUUCAUUUUGGCUAACUCCCGCCUU  

Strand  F 

GGGAUCUUUACCUACCACGUUUUGCUGUCUCGUUUGCAGAAGGUCUUUCCGAUUC

CUGCUUCAUUUUGGCUAACUCCCGCCUU  

 

Six-stranded RNA ring functionalized with six DS RNAs against RhoA: 

Strand  A 

GGGAAUCCGUCCACUGGAUUCCCGUCACAGAGCCUGCCUGUGACUUCCUGCUUCA

UUUUGGCUAACUCCCGCCUU 

Strand  B 

GGGAAUCCGCAGGCUGGAUUCCCGUCACAGAGAACGCCUGUGACUUCCUGCUUCA

UUUUGGCUAACUCCCGCCUU 

Strand  C 

GGGAAUCCGCGUUCUGGAUUCCCGUCACAGACGUCUCCUGUGACUUCCUGCUUCA

UUUUGGCUAACUCCCGCCUU 

Strand  D 

GGGAAUCCGAGACGUGGAUUCCCGUCACAGUCGUGGUCUGUGACUUCCUGCUUCA

UUUUGGCUAACUCCCGCCUU 

Strand  E 

GGGAAUCCACCACGAGGAUUCCCGUCACAGAACCAUCCUGUGACUUCCUGCUUCA

UUUUGGCUAACUCCCGCCUU 

Strand  F 

GGGAAUCCGAUGGUUGGAUUCCCGUCACAGAGUGGACCUGUGACUUCCUGCUUCA

UUUUGGCUAACUCCCGCCUU 

 

RNA fiber functionalized with DS RNAs against RhoA: 

Strand  A 

GGGAAUCCAAGGAGGCAGGAUUCCCGUCACAGAAGGAGGCACUGUGAC 

Strand  B 

GGGAACGUAAGCCUCCAACGUUCCCGGAUGCUAAGCCUCCAAGCAUCCUUCCUGC

UUCAUUUUGGCUAACUCCCGCCUU 

 

RhoA Sense 

pGGCGGGAGUUAGCCAAAAUGAAGCAGG 

 

RhoA Antisense 

CCUGCUUCAUUUUGGCUAACUCCCGCCUU 

 

 

GFP Sense with Alexa 488 

pACCCUGAAGUUCAUCUGCACCACCG-Alexa488 

 

DNA-Sense-Al488 



145 

 

GGAGACCGTGACCGGTGGTGCAGATGAACTTCAGGGTCATT-Alexa488 

 

DNA-Anti-Sense-Iowa Black 

Iowa Black Quencher-TGACCCTGAAGTTCATCTGCACCACCGGTCACGGTCTCC 

 

DNA-Anti-Sense 

TGACCCTGAAGTTCATCTGCACCACCGGTCACGGTCTCC 
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5 Chapter 5: Conclusions 

 Nucleic acid nanotechnology has become a burgeoning field, enabling the design of 

complex therapeutics, biosensors, and molecular machines. From the late twentieth century to 

present, advancements in the design, prediction, and understanding of nucleic acid structures have 

propelled this bottom-up nanotechnology-based therapy to the precipice of the clinical approval; 

however, issues with stability, delivery, and immunostimulation have hindered its advance. This 

dissertation presents three independent articles which make progress in addressing these issues, 

elucidating new strategies for designing dynamic NANPs, predicting the immunostimulatory 

properties of NANPs, and designing a novel carrier system for their delivery. 

 In the first study, a strand-displacement approach is used to enable the activation of 

several functionalities including aptamer formation, FRET, RNAi, and transcription. This method 

demonstrates the ability to conditionally activate a desired functionality only in the presence of 

two cognate NANPs, acting as an AND gate. Furthermore, the re-association of the two NANPs, 

as well as their individual properties can be tuned greatly by their composition. Among the 

tunable properties are their melting temperature, re-association kinetics, and immunostimulatory 

properties. This approach allows for a desired functionality to be activated only when the two 

cognate NANPs are combined, allowing for the possibility of targeted, conditionally activated 

therapeutics. 

 The second study uses a QSAR approach for analyzing the immunostimulatory potential 

of NANPs. Specifically, a set a sixteen NANPs with similar design principles but different overall 

shapes and chemical compositions are examined for their ability to provoke an immune response 

in human microglial cells. Using physicochemical and sequence-based descriptors such as GC-

content, melting temperature, mass, and size, a model was generated with the ability to modestly 

predict the immunostimulatory properties for a set of NANPs with similar design. It was 

determined that the stability of the NANP contributes greatly to its immunostimulatory 

properties, generating several additional questions regarding the cellular processing and 
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intracellular stability of the nanostructured nucleic acids. 

 Finally, the third study describes the design and evaluation of a novel polymeric 

nanoparticle for the delivery of therapeutic NANPs. In this study, PgP is used for its ability to 

protect and delivery various NANPs carrying different therapeutic payloads. The polymeric 

carrier was demonstrated to efficiently electrostatically complex with the NANPs, protect it from 

nuclease activity, and release an intact product. Furthermore, the delivery of the NANPs was 

achieved and their therapeutic activity confirmed by RNAi of two different genes, as well as their 

differential ability to provoke an immune response. Additionally, the distribution of these 

complexes was studied, demonstrating early evidence of biodistribution based on NANP shape. 

 Efficacy, biocompatibility, and customizability have driven therapeutic nucleic acids into 

becoming a clinical reality. Several ASOs, miRNAs, and siRNAs are now available in the clinic, 

but many have floundered in clinical trials due to immunostimulation and off-target effects. 

Nucleic acid nanotechnology offers an alternative to traditional NANPs, bringing higher stability, 

multivalence, and a greater degree of customizability. Undoubtably, progress in NANP 

technologies will enable their use as efficient therapeutics for a number of diseases, leading to a 

new wave of personalized medicine. 


