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Abstract: 

Nucleic acid nanotechnology is a field that has only recently come under heavy study. 

Nadrian Seeman first devised a plan for a type of algorithmic self-assembly nearly 40 years ago, 

a process that is now nearly taken for granted by many modem-day scientists working with both 

DNA and RNA. Scientists have discovered methods to shape nucleic acid into synthetic forms 

and functions with a variety of applications for nanotechnology and even medicine. The 

Khisamutdinov lab's work here at Ball State continues this process today. 
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Process Statement 

Since the summer prior to my junior year, I have worked for Dr. Emil Khisamutdinov in 

the field of nucleic acid nanotechnology. My first project was some exploratory data collection. 

The lab had already synthesized a library of DNA, RNA, and hybrid nanoparticles and was 

looking for ways in which to use them. One such possibility was to use them for targeted cancer 

drug delivery. To do this, we would use compounds capable of intercalating into DNA 

nanoparticles such as pyrene dihydrodioxins (PDHD), a compound that could theoretically be 

released from DNA by application ofUV or near-ultraviolet light. My job was to determine how 

this intercalator compound affected the thermodynamic and enzymatic stability of the 

nanoparticle. I used UV melting technique wherein I would take a sample and heat and cool it 

uniformly while consistently measuring UV -visible light absorbance. From the curves generated 

by this method, the melting temperature of the original particle and the particle with its 

intercalators could be determined. To measure enzymatic stability, the particles would be 

incubated with fetal bovine serum at 37 °C for set intervals oftime, and then run on a native 

PAGE. This project and the data I collected were eventually moved to another university 

working in collaboration with my lab. Following this, I worked mostly with alternative methods 

for synthesizing the particles. By including motifs in the RNA particles, for instance, I could 

reduce the number of strands needed for synthesis and streamline study of its physical properties 

such as size - generally determined from atomic force microscopy (AFM) imaging and dynamic 

light scattering (DLS) spectroscopy. 

For this thesis, I decided to do a deep dive on the field of nucleic acid nanotechnology in 

addition to discussing my own lab work. After attending the First Annual Biomotor Conference 

and the RNA Rustbelt Conference and brainstorming some of our own ideas in the lab that never 
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really came to fruition, I thought it would be of interest to explore multiple kinds of projects that 

have been undertaken and catalog somewhat of a history of this field that the work of the 

Khisamutdinov lab is based upon. I began with the work ofNadrian Seeman, who first came up 

with the idea for self-assembly procedures in the 1980s, eventually moving through the jump that 

brought the ideas that been applied to DNA to the more modular and complex nature of RNA, 

before eventually concluding with some of the work I've had the privilege of working hands-on 

with in a research setting. 

Introduction 

The term "nanotechnology" has been around for years and is intentionally broad. The 

National Nanotechnology Initiative describes nanotechnology as any kind of technology, be it 

based in chemistry, biology, or physics that is on the scale of 1 to 100 nm. (1) The idea of 

nucleic acid nanotechnology has been around since the early 1980s, tracing its roots back to one 

of the founders of the filed, Nadrian Seeman. In 1982, Seeman laid the groundwork for his later 

work which pioneered the idea of self-assembly. Self-assembly refers to the ability of DNA to 

create predictable, complex structures from pre-made, discrete units. 

This principle of self-assembly allowed structures from the double crossover DNA 

particle to the RNA tecto-square to the Khisamutdinov Lab's modular nucleic acid tetra-U linked 

nanoparticles. 

Today, the field has expanded exponentially and is the area of study of the 

Khisamutdinov lab in the Ball State Chemistry Department. In this lab, undergraduates and 

graduate students have worked on projects such as the synthesis of polygonal DNA, RNA, and 

hybrid nanoparticles using the tetra-U linking motif, the use of intercalator compounds for 
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therapeutic drug delivery, logic gate synthesis and functionality, controlled lattice-work self

assembly, and transitions and transformations from one polygonal shape to another. I, personally, 

have been involved with work involving the intercalator compounds, a new idea for synthesizing 

particles using a tetra-loop motif, and controlled lattice work assembly. 

The Origins of DNA Nanotechnology 

In his paper, Nucleic Acid Junctions and Lattices, Seeman describes the principles 

underlying the idea of DNA lattices. DNA has certain immutable properties: it is a right handed 

anti parallel helix, the width of the helix is 2 nanometers, the major groove is 22 A wide, and the 

minor groove is 12 A wide. The most important property for determining how DNA will behave 

in three-dimensional space, however, is it has 10.5 base pairs per tum when not supercoiled. 

Given this information, one can control where certain parts of the lattice structure are in space to 

create different polyhedral. To give an example of how this works, one can use the idea of 

Holliday junctions also discussed in this paper. (2) 

Holliday junctions were discovered by Robin Holliday in 1964 while researching 

possible mechanisms of meiotic crossover in fungi. (3) The junction described in the paper is 

"stacked" due to the presence of divalent cations like Mg2+. In this conformation, two of the 

strands remain roughly helical in shape, while the other two appear bent to base pair with each 

other. The other type of Holliday junction is the "unstacked" junction, discussed by Nadrian 

Seeman. In this junction, four strands base pair in such a way as to create a cross-shape with four 
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"arms." There are two types ofunstacked Holliday junctions, the mobile and immobile. In the 

mobile junction, the molecule has an axis of symmetry along its oblique axis. In the immobile, 

this axis of symmetry doesn't exist, making it a rigid structure useful in construction of lattices. 

(Figure l) 

Once the structure ofthis Holliday junction is determined, the orientation of two units of 

the structure must be ascertained. To do this, one must determine how many base pairs need to 

be in each "arm" of the junction. If we want the structure to be completely two dimensional, then 

each arm must complete at least one full turn of 360 °. Since this would require 10.5 base pairs. 

This rather infeasible, so one might use two full turns, or 21 base pairs to create the desired flat 

structure. Alternatively, if one wanted the angle between the two helices to be less than 360 °, this 

would require less than 21 base pairs. Twenty-one base pairs can, of course, be exceeded, but 

Seeman suggests a hard cap of 150 A, or roughly 44 base pairs given one base pair per 3.4 A for 

the length of the arms. This general principle of manipulating the dihedral angle is an important 

factor in all subsequent nanoparticle research. (2) 
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Figure 1-A) an immobile Holliday junction. This junction contains four strands that do not contain 

symmetry within the structure. B) a mobile Holliday junction. This junction contains four strands that 

possess symmetry along its oblique axis 



This basic groundwork rapidly led to several advancements in the next 20 years. Working 

from discoveries from scientists like Seeman, applications for structural DNA engineering on a 

nano-scale were explored. One such example is that of DNA objects, basic three-dimensional 

geometric objects constructed entirely from DNA. These objects could be used to construct such 

things as cages for housing some sort of molecule which may be difficult to observe on its own 

or as a delivery method into a cell. 

Basic objects included a cube with three-way junctions at each of its vertices. This cube consists 

of six different cyclic strands, one strand for each face of the cube. Each edge links two different 

strands together twice, therefore each strand is linked to every other strand on the cube except for 

the strand located on the opposite face. (Figure 2) Seeman calls this configuration a 

"hexacatenane," so named for the term "catenane" meaning two interlocked molecular cycles 

that cannot be separated unless one breaks covalent bonds. In the case of the cube, the bonds 

involved are hydrogen bonds, but the principle remains the same. Using this same method, a 

truncated octahedron was also constructed, resulting in a 14-catenane object. In that case, 

Figure 2- Schematic of a hexacatenane cube. Each face, represented by a different color represents a 

single strand of DNA, each corner contains a three-way junction. 
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however, 4 arm junctions were used with the idea of using each truncated octahedron as a vertex 

on a cube, reminiscent of the structure of zeolite-A, a sodium aluminum silicate. (4) 

Two-dimensional DNA arrays can be constructed using a series of unique "tiles" that 

follow the basic principle of mathematical Wang tiling. This process has been demonstrated by 

Erik Winfree using double-crossover (DX) tiles. These tiles include two Holliday junctions 

between two strands with two supporting strands containing the sticky ends needed for the tiles 

to assemble. (Figure 3) There are two schools of thought on algorithmic self-assembly as it 

relates to DNA, abstract Tile Assembly Model (aT AM) and kinetic Tile Assembly Model 

(kTAM). In a TAM, tiles are a non-rotatable object with four attachment points of differing 

"strengths" suggesting priority in bonding. Growth begins at a seed tile that can only bond from 

two sides. From there, borders are assembled of tiles that can only bond on three sides, before 

being filled in by tiles that can bond from all four sides. 

In kT AM, the model is based on the biochemistry of the tiles in solution, specifically 

their thermodynamics and kinetics. This model is closer to how actual DNA particles will behave 

in a system and accounts for the presence of reversible bonds. Bonds may become attached or 

detached based on an overall change in free energy. This model can also account for algorithmic 

A 
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Figure 3- A) Schematic of a double crossover (DX) tile. Note the two Holliday junctions that lead to sticky 

ends used in self-assembly. B) Example of a lattice structure of DX tiles. The distance f rom the center of 

one tile to the center of another is approximately 12.6 nm or 37 nucleotides 
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self-assembly that is capable of error correction or "proof-reading" by having tiles that are more 

thermodynamically favorable displace the bonds of other tiles that are less favorable. ( 5) 

DNA nanodevices have also been explored with an idea not dissimilar to RNA 

nanodevices discussed later. Two of the earliest devices were a DNA circle capable of changing 

its supercoiling with the addition of some intercalator dye and a DX molecule capable of 

transitioning between the common right-handed B-ONA and left-handed Z-DNA. The DX 

molecule required a proto-Z sequence and a high salt content to complete the transition. (6) 

DNA can also be designed with dynamic applications in mind. Things such as logic gate 

circuitry are possible using strand displacement. Strand displacement is the process by which two 

semi- or fully complementary strands hybridize, removing an already hybridized stand in the 

process. In cellular and molecular biology, this is usually accomplished through the work of 

enzymes. For example, in DNA replication, enzymes "unzip" two DNA strands and stitch 

together free nucleotides to form more DNA. In nanotechnology, however, strand displacement 

can occur purely due to thermodynamic favorability. A strand which is more complementary will 

displace a strand that is less complementary, given certain conditions. 

One such example of these conditions is the presence of a "toe-hold" sequence near either 

the 5' or 3' end of a double-stranded molecule. This toe-hold is a short single stranded sequence 

that is essentially a sticky end. Another single strand which contains a complementary sequence 

to the original strand plus a complementary sequence for the toe-hold will attach at the toe-hold 

and gradually displace the original complement strand until that strand is ejected as an output. 

This method can be used for a kind of biological computing using such systems as logic 

gates. For this to work, certain toeholds on DNA strands must be inactivated. This can be 
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accomplished by either base pairing it with a complementary strand that is displaced later, or by 

containing it in a hairpin loop which is unwound upon a complementary strand being displaced. 

A basic logic gate, such as an "AND" can be created by starting with a gate that contains three 

stands, a base strand with no toehold, an open toehold, and a strand with a hairpin. The strand 

with the open toe-hold can be displaced by the first input. This opens a toehold on the base 

strand for the second input to interact with. The second strand can then displace the strand with 

the hairpin, assuming it is more complementary with the base strand and thus more 

thermodynamically favorable. This output strand may be recycled for use in another logic gate as 

an input, allowing the possibility of complex computation. (6) 

From DNA to RNA 

After study on DNA progressed, scientists began looking at other nucleic acids for use in 

nanotechnology. Specifically, RNA. RNA is most often thought of the intermediate step between 

DNA and protein, but it actually comes in many different forms in the body. The aforementioned 

intermediate step is mRNA, hnRNA is a precursor to mRNA, tRNA helps to assemble amino 

acids into proteins, and siRNA and miRNA are instrumental in gene silencing. RNA is produced 

through the process of transcription, carried out in the nucleus of a cell. This process can be 

replicated in vitro to create RNA for use in a laboratory setting. 

One use of RNA was inspired by the work of Erik Winfree. RNA tecto-squares are 

discrete, programmable structures that can self-assemble into a lattice pattern reminiscent of 

Winfree' s DX motif. Unlike, the DX motif, however, the individual components of the lattice 

were composed of a multivalent structure in the shape of a square. Each square contained 4 RNA 
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strands with three distinct motifs: a right-angle motif midway through, giving the structure the 

square shape, two hairpin loops on either end, and a single stranded sticky end for use in base-

pairing to other squares. These hairpin loops, specifically were unique in that they engaged in 

kissing loop interactions, where part of the strand in the loop would engage in base-pairing with 

the same section of another loop. (7) 

The sticky ends, importantly, had two separate conformations, horizontal and vertical. 

This allowed 5 different nanoparticles to be assembled, each with a different composition of 

sticky ends. Two separate categories of tecto-square were also constructed, called large and 

small, containing 9 and 15 base pair hairpin stem loops respectively. Overall a library of 10 

nanoparticles was possible. How a lattice work would assemble would then depend on which of 

the nanoparticles were involved. (Figure 4) 

Figure 4- Library of RNA tecto-square, each square is composed of 4 components, each containing a 

right-angle motif, two hairpin loops, and a free sticky end for use in lattice design. The hairpin loops 

pair using "kissing" interactions. 
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Other scientists looked to nature to provide them with the building blocks to construct 

new nanoparticle designs. Specifically, the DNA-packaging motor of the phi29 bacteriophage. 

This motor contains a unique ring made up of 6 strands of pRNA, a special non-coding RNA 

specific to this activity in bacteriophages. 

This pRNA was investigated as potentially advantageous for nanotechnological 

development due to its ability to interact with A TP and function almost like an enzyme for the 

purposes of packaging DNA into the virus procapsid. Monomers of the pRNA contained two 

hand-in-hand loops and a self-contained loop. Dimers and above could be constructed by 

combining two monomers that contain complementary sequences, one on a hand-in-hand loop 

and the other on hand-in-hand loop with the self-contained loop. Lattices can be formed with 

multiple monomers in the same manner as earlier discussed with tecto-squares and DX motifs. 

(8) 

Core Design of Khisamutdinov Lab 

Most of the work done in the Khisamutdinov lab is derived from a model of assembly for 

two-dimensional nanoparticles called the tetra-U linking model (Figure 5). Each shape is created 

from a number oftetra-U linking modules equivalent to the number of vertices in the polygon 

and a central strand. For example, a triangle will contain three tetra-U linking modules, the 

tetragon - four tetra-U modules etc. as demonstrated in Figure 5 B. The design criteria utilize 

outer short RNA strands and inner or central long RNA strands, the assembly of a particular 

polygonal shape can be achieved by adding long RNA strand (shape dictating strands) to the 

mixture of the short RNA strands (Figure 5). In practice, these nanoparticles are assembled by 

side strands equivalent to the number of sides of the polygon in addition to the aforementioned 
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central strand. The unique property of this design is that each individual strand in the 

nanoparticle can be either DNA or RNA. The varying composition of either DNA or RNA in the 

molecule influences the particle's overall thermodynamic and enzymatic stability. 

Regardless of the overall composition of the particle, the procedure for self-assembly is 

as follows: given a 1 f.lM concentration of each individual strand, each is mixed into a solution of 

TMS. TMS contains 50 mM tris at a pH of 8.0, 10 mM MgCh for the presence of divalent 

cations, and 100 mM NaCl for the presence of monovalent cations. This solution is then heated 

to a temperature of 80 "C and then slowly cooled to 4 "C over the course of an hour. 
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Figure 5- Schematic representation of the nucleic acid polygons design from the tetra-U helix linking model 

(HLM). A) Polygons can assembled from mixture of short or outer strands and one shape-dictating long or 

central strand. B) Model structures of nucleic acid polygons containing different numbers of HLM at their 

corners. C) Gel shift assay demonstrating assembly yields of individual polygons. 
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Several assays were conducted on these nanoparticles, including a UV -melting 

experiment (Figure 6) (9). In the UV-melting technique, the solution ofnanoparticles is 

gradually heated from 4 oc to 90 oc or cooled from 90 oc to 4 oc at a constant rate of 1 °C/min. 

The absorbance at 260 nm of the solution is continuously taken during this time. Upon 

generation of a melting curve, the first derivative can be computed to determine the T m of the 

sample. In general, it was found that the greater the composition of RNA in the nanoparticle, the 

more thermodynamically stable the structure. 

Enzymatic stability is also an important property for any potential intracellular drug 

delivery, so the nanoparticles' resistance to nucleases was tested by incubating the sample in 2% 

FBS at 37 oc for various periods of time. The results displayed the inverse of the thermodynamic 

experiment. In general, DNA was found to be more enzymatically stable in vivo than RNA, so as 

the composition of DNA rose in any given particle, so did the enzymatic stability. 
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Figure 6- Assays conducted on the triangular nanoparticles. A) model structures of four nanoparticles. B) 

AFM imges of the triangular shape. C) Enzymatic stability experiment and D) UV-melting experiment. 
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The next significant factor in efficacy of drug delivery is human immune response. To 

test for this, each nanoparticle was transfected into human astrocyte-like and microglia-like cells. 

The results of the assays suggested that when a nanoparticle that contains both DNA and RNA is 

introduced, IFN-B has a high response. When a nanoparticle containing only RNA is introduced, 

IFN-B has a low response, and when that particle only contains DNA, there is no response. In 

contrast, only the DNA nanoparticle produced elevated levels ofiL-1 B. No significant change in 

the levels of IL-6, IL-8, or TN F-a were observed for any nanoparticle (9). 

To demonstrate the efficacy of the triangle as a scaffold for targeted siRNA drug 

delivery, RNA/DNA hybrid nanoparticles were transfected into breast cancer cells. Firstly, with 

fluorescently labels to confirm uptake and then with anti-GFP siRNAs into GFP expressing cells. 

The result was around 90% efficiency in silencing GFP, roughly the same as siRNAs transfected 

attached to double-stranded RNAs. Significant silencing occurred at both nanomolar and 

picomolar concentrations. (9) 

Photodynamic Therapy 

In photodynamic therapy, one of the main goals is to develop a safe and effective carrier 

that is systemically applied but will selectively deliver photosensitizers (light sensitive cytotoxic 

compounds) to tumor cells avoiding entry to normal cells. Carrier-mediated delivery allows 

increased accumulation of photosensitizer at the targeted site minimizing the amount of precision 

that is needed in light administration. Many different delivery systems such as drug-polymer 

conjugates, liposomes, low-density lipoprotein, monoclonal antibodies and gold nanoparticles 

have been designed to transport drugs to their intended targets (10). However, these systems still 

suffer from the drawbacks such as toxicities due to organ accumulation and particle 

heterogeneity, nonspecific cell entry, aggregation, vascular permeability, dissociation due to 
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dilution after systemic injection, and unfavorable pharmacological profiles. One of the potential 

approach is to use innovative RNA nanotechnology approach to overcome many of the 

aforementioned challenges. There are certain compounds that can intercalate in nucleic acid, or 

stack between base pairs. These chemicals are widely considered to be poisons and carcinogens 

but may serve useful as chemotherapy drugs if a proper delivery method is devised to deliver 

them directly into a cell. 

One such delivery method is to use the aforementioned tetra-U nanoparticles as a vehicle. 

In practice, these nanoparticles are incubated with a chemical that can intercalate between base 

pairs. A possible candidate for this process comes in the form of pyrene dihydrodioxins (PDHD) 

formed from the Schonberg-Mustafa reaction. PDHD belongs to a class of compounds known as 

dihydrodioxins or DHDs. DHDs' unique property is that ofphotocleavage, upon irradiation with 

364 nm UV light, a reaction will transform the DHD into an ortho-quinone, capable of cleaving 

the surrounding nucleic acid. 

In 2005, Mack, et. a!. utilized the Chaires equilibrium dialysis method to estimate the 

association constant ofPDHD with DNA. Their results averaged out to a Kassoc of about (7.0 ± 

1.3) x 105 base pairs suggesting a strong association between PDHD and DNA. A hypochromic 

(a decrease in the molecule's ability to absorb light) and bathochromic (an increase in 

wavelength) shift in the UV -vis spectrum upon titration of calf thymus confirmed this 

hypothesis. (11) 

More recently, in 2015, Khisamutdinov et. al. studied the properties of a specific form of 

PD HD, trans-N,N-dimethy 1-10, 11-di( 4-pyridinium )-1 0, 11-dihydro-9, 12-dioxabenzo[ e ]pyrene 

tetrafluoroborate salt which exists in two enantiomeric forms found by way of HPLC column. 

This compound was chosen due to a high DNA binding affinity. In addition to the two 
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enantiomers, this PDHD could exist in either a diequatorial or diaxial conformation. The diaxial 

conformation is more feasible due to electrostatic and steric clash between the pyridinium rings 

of the diequatorial conformation. It was found the SS enantiomer was more likely to intercalate 

due to its affinity to form into the diaxial conformation. (12) 

This compound was used in the Khisamutdinov lab in 2016 as an intercalating agent to 

test its effect on the melting temperature of a tetra-D linked DNA triangle. Solutions of DNA, 

DNA and PDHD, and DNA and Ethidium bromide (a known intercalator used as a control) were 

prepared in sodium cacodylate buffer, consistent with Khisamutdinov et. al (2015). Solutions 

contained 1 11M of DNA triangle, 1 11M of sodium cacodylate buffer, and 1 11M of intercalator. 

The solutions were kept in a 1 em path length cell and heated at 0.5 °C/min from 20 C up to 90 

oc and then cooled at the same rate back to 20 °C. Absorbance was taken at 260 nm, a generally 

accepted wavelength to perform thermodynamic experiments on nucleic acids. 
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Figure 7- Graph of the melting curves of a DNA triangle created with the tetra-U linking technique. 

One untreated triangle as a control, along with two treated with PDHD and Ethidium bromide, 

respectively. 
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As anticipated, the introduction of an intercalator increased the melting temperature of the DNA 

from 59.7 C to approximately 61.0 C. (Figure 7) 

Work continues on the effects ofPDHD, this time utilizing the phiX291 plasmid to 

ascertain PDHD's ability to cross-link DNA, both to further understand its effects on the vehicle 

used for delivery and on genomic DNA within the cell without being released as an ortho-

quinone. Atomic force microscopy images have been taken to visualize this process. (Figure 8) 

Figure 8- A} Untreated phiX291 plasmid B) phiX291 treated with PDHD at a 1:1 ratio showing what appears 

to be extensive cross-linking 

Alternative Tetra-U Constructs 

The idea behind the polygonal design of the tetra-U model is to provide modularity. Each 

vertex can serve as an attachment point for things such as an siRNA or miRNA or protein. This 

is usually accomplished by leaving each vertex as open 5' and 3' ends. Another method that 

could be used to secure this type of attachment points is to instead "cap" nearly every vertex with 

a hairpin loop, a common motif found in multiple types of RNA. 
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One of the simplest hairpin loops is the GNRA tetra-loop, so named because of its 

constituent parts: a guanine, any nucleotide, purine, and adenine. As such, the sequence GAAA 

can suffice for this purpose. 

Building such a nanoparticle is, in theory, no dissimilar to constructing an ordinary tetra

D linked RNA molecule. DNA is produced via assembly PCR and then transcribed into RNA in 

vitro with T7 RNA polymerase isolated from bacteria. The RNA is then purified in a denaturing 

polyacrylamide gel containing urea. Bands are isolated and cut out following electrophoresis and 

then RNA is re-extracted using the crush and soak method. 

In practice, however, this presents several challenges. The DNA, by necessity, is quite 

long, as the outer strands are now continuous. Rather than the approximately 54 nucleotides for 

each strand, there is now 169 nucleotides (plus ap additional 17 nucleotides for the upstream T7 

promoter) for a triangle. With this, comes the possibility of unwanted mispriming during 

assembly PCR, overall decreasing the yield ofDNA produced. An example of such mispriming 

can be seen in Figure 9. 

Because of the overall decreased yield of desired DNA, RNA transcription efficiency is 

greatly decreased. Once the RNA product is run through a denaturing polyacrylamide gel, the 

desired RNA product can be ascertained as the band that is the most massive, and thus, migrated 

the least. Repeated experiments showed that only a faint band would appear, if any band at all. 

Once the gel was crushed and soaked, yield was poor. 

However, with what little yield was produced, did eventually demonstrate that such an 

assembly may indeed be possible, but this is subject to further study. (Figure 10) 
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Figure 9- 2% agarose gel showing the assembly PCR products for the outer strand of (from right to left) a triangle, 

square, pentagon, and hexagon. Note faint bands indicate the desired strand did form in almost all cases, but darker 

bands indicate it was not the most favorable product. 

Figure 10- 7% native PAGE gel showing the assembly of the two-stranded triangle compared to a triangle 

assembled based on the tetra-U linking motif. The band that has migrated the least in the two-Stranded triangle lane 

is the assembly. Due to a slight change in shape because of the tetra loops, the band can be seen to migrate slightly 

slower than the control triangle 
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Conclusion 

The stu:dy of nanotechnology has grown considerably since its inception in the 1980s. 

Nadrian Seeman's work on potential constructs for DNA laid the groundwork for a myriad of 

applications. It kickstarted a wave of experimentation of the kinds of shapes and objects that can 

be designed in vitro with DNA and RNA such as cages and polygonal constructs. Part of the 

inspiration for the work in the Khisamutdinov lab came from the development of RNA prisms 

that could be used to siRNAs or other drugs as a means of delivery to cells not unlike the tetra-U 

linking nanoparticles. ( 13) 

Current projects also undertaken in the lab are built on work that came before. The idea 

of dynamic DNA particles is being explored by the construction of an RNA half-adder logic 

gate. The general principle is the same as the toe-holds previous!~ discussed. An input strand 

changes the conformation of the overall RNA structUre and accordingly, inhibits or activates the 

gate, causing the retention or release of a fluorescent dye. 

The idea of creating a kind of tile assembly has also seen work in the lab, although using 

the tetra-U nanoparticles poses a challenge. Due to the flexible nature of the vertices, the 

particles do not possess a rigid angle that ~ould be used to tile a plane. Instead, these individual 

polygons can be assembled into larger polygons. For instance, the triangle can be assembled into 

a tetramer or a hexamer depending upon certain conditions. Recently, a new idea was put forth as 

a way to control how this process behaves. By adding sticky ends to each vertex of the triangle in 

such a way that they are only complementary with one other triangle assembly, either a tetramer 

or a hexamer could be deliberately created. 
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New developments are being made in this field at a rapid pace. In several years, new 

techniques for biological computing could be devised or disease may be treated with application 

of nanotechnology as a method to deliver siRNA or carry a vital chemotherapy drug to within the 

cell, insuring that only malignant cells are targeted, without harming the rest of the body. 

For now, the Khisamutdinov lab will continue to refine the tetra-U linking model and 

find different ways to manipulate or apply its properties. Logic gates are continuing to be 

perfected, and the ability to transition from different shapes or transform one shape immediately 

to another is also being researched. Discoveries and developments will continue to build into the 

future. 
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