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CHAPTER 1: LITERATURE REVIEW 

I. Introduction to RNA 

The recent progression in the field of RNA nanotechnology has made RNA molecules 

promising candidates for the fabrication of bio-computers, specifically due to their variable 

folding properties and catalytical functions (1,2). To fully appreciate this potential, it is important 

to understand the basics of RNA. According to the central dogma of biology, the genetic 

information encompassed within deoxyribonucleic acid (DNA) is translated to ribonucleic acid 

(RNA). The RNA is then further passed to protein production, using the process known as 

translation (Figure 1.1) (3). While DNA and RNA macromolecules are composed of deoxy- and 

ribo-nucleotides, proteins are macromolecules made of chains of amino acids. The main role of 

DNA is simply to store genetic information. The role of RNA is much more complex; initially 

many researches believed that the sole purpose of RNA was only to pass/translate the DNA 

genetic code to language of proteins. This specific type of RNA was later named messenger 

RNA (mRNA) and is often referred to as coding RNA molecules (here, coding refers to protein 

production(4)).   

 

 

 

 

 

Figure 1.1. General flow of genetic information within a living cell. 



7 
 

However, the discovery of non-coding RNAs (RNA that does not code for protein 

synthesis) revealed that it has multiple, versatile functions including gene expression and 

regulation; expanding its traditional role as a genetic intermediate (5-7). The most famous 

examples of non-coding RNAs are now known as transport RNA (tRNA) and ribosomal RNA 

(rRNA)(5).    

As the central dogma relates the two, the structure of RNA is dependent upon the 

sequence of DNA it is transcribed from. The structure of DNA was discovered by Dr. J. Watson 

and Dr. F. Crick in 1953 (8,9), as a strand of covalently bound nucleotides. Nucleotides contain a 

nucleoside and a phosphate group. A nucleoside is made up of a cyclic nitrogenous base and a 5-

carbon sugar. The sugar present in DNA is deoxyribose. Cyclic nitrogenous bases are organic 

molecules containing a nitrogen group, which are also nonpolar, planar, and aromatic. Two types 

of nitrogenous bases are present in nucleic acids: pyrimidines and purines.  The pyrimidines 

present in DNA are cytosine and thymine, while the purines are adenine and guanine(4). The 

structures of these nitrogenous bases are shown in Figure 1.2. 

Figure 1.2. The skeletal structures of the four nitrogenous DNA bases, two pyrimidines, cytosine 

and thymine, followed by two purines, adenine and guanine. 
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Nucleotides are joined covalently through a sugar-phosphate backbone, which forms when the 3’ 

phosphate group of one nucleotide links to the 5’ carbon on the deoxyribose sugar of another 

nucleotide, forming a strand in the 5’ to 3’ direction (Figure 1.3) (4).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Representative structure of the sugar-phosphate backbone of a DNA strand.  

 

DNA is most stable in its secondary (2°) conformation, in which two strands of DNA 

form a helix.  These two strands interact with one another through hydrogen bonds on 

complementary base pairs. DNA follows Watson-Crick base pairing rules, in which adenine 
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binds with thymine and cytosine with guanine. Two hydrogen bonds form between adenine and 

thymine, while the cytosine and guanine base pairing involves three hydrogen bonds, increasing 

stability (Figure 1.4). These DNA strands undergo transcription, to continue the flow of genetic 

information within the central dogma (3).  

 

Figure 1.4. Watson-Crick base pair formation between A-T (left) and G-C (right). Hydrogen 

bonds between base pairs are circled in red and depicted with dashed lines. 

 

Transcription is the process in which DNA is copied in to RNA, utilizing RNA 

polymerase; it is the first step in gene expression (10).  RNA polymerase is an enzyme that 

creates a transcription bubble, separating the double stranded DNA helix, and adds 

complementary RNA nucleotides to create the complementary RNA strand. The difference 

between RNA structure, in comparison to DNA, is present in the nucleosides. The structure of 

the ribose sugar present in RNA nucleosides differs from that of the deoxyribose sugar present in 

DNA (Figure 1.5), with the simple substitution of hydrogen on the 2’ carbon with a hydroxyl 

group. The nitrogenous bases present in RNA are similar to that of DNA, with the substitution of 

uracil for thymine (Figure 1.6) (11). RNA exists typically in single strands, as each sequence has 

a specific secondary shape, primarily due to its ability to have canonical and non-canonical 

intrastrand interactions (12,13).  The continuation of the central dogma results in the translation 
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of messenger RNA strands in to amino acid sequences and, ultimately, proteins.  The central 

dogma also encompasses what is referred to as reverse transcription, in which RNA strands are 

reverse transcribed to their cognate DNA sequences utilizing a reverse transcriptase (3).  

 

 

 

 

Figure 1.5. The structures of the five carbon sugars presented in DNA (left) and RNA (right). 

The structural difference, the 2’ hydroxyl group, is highlighted in red.   

 

 

 

 

Figure 1.6. Structural comparison of Thymine and Uracil. The substitutes methyl group in 

thymine is indicated in red (4).  

 

II. Types of non-coding RNA 

These various forms of RNA are essential for sustainable cellular life. The central dogma 

utilizes mRNA, as their primary function is to encode an amino acid sequence(3). While the 

main function of mRNA in the cell is to encode for polypeptides, transcription can result in 

various forms of non-coding RNA (10). These RNA types each have their own functions within 

the cell, for example tRNA and rRNA function in the transcription process.  Both participate in 
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the decoding process of mRNA into amino acid sequences; rRNA provides peptidyl transferase 

activity during translation. Small interfering RNA (siRNA) and microRNA (miRNA) are short 

RNA molecules, approximately 22-26 nucleotides in length, that play an important role in a 

process known as RNA interference (RNAi) (14). Essentially, siRNA is a double stranded 

synthetic RNA that mimics the function of naturally occurring miRNA (15). Another class of 

RNA molecules that play regulatory roles are riboswitches; they typically function in gene 

regulation by intercepting and cleaving mRNA substrates in response to certain factors (11).  

 Long non-coding RNA (lncRNA) have shown to have functions in the regulation and 

localization of proteins, as well as in moderation of RNA processing (16). Some RNA possesses 

catalytic functions, referred to as ribozymes. One example of a naturally occurring ribozyme is 

present in the ribosome; they function in amino acid linkage and protein processing (10). 

CRISPR (clustered regularly interspaced short palindromic repeats) DNA is even assisted in 

virus detection by CISPR RNA, which function in protein recognition and spicing of DNA 

sequences (11).  Understanding the structures and functions of these RNA types allows for the 

manipulation of RNA for scientific research purposes. However, the purpose of this thesis 

focuses primarily on yet another type of RNA, called RNA aptamers. These are short sequences 

of RNA that have high binding affinities for specific ligands or target molecules. 

III. RNA aptamers 

 RNA aptamers themselves were first introduced in 1990, when two individual labs 

discovered that these short, specific RNA sequences had properties that followed predictable 

trends of binding and structure combination (17,18). Aptamers are single-stranded RNA or DNA 

oligonucleotides, with a typical length of no more than 100 nucleotides (nts), that have been 
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computationally selected from combinatorial libraries for their high binding affinities to specific 

molecular targets. Since their development, aptamers have revolutionized the field of biosensing 

by enabling scientists to rationally generate different aptamers targeting a diverse range of 

ligands (19). This has allowed aptamers to have uses in laboratory settings for research purposes, 

as well as clinically in the development of new pharmaceutical drugs, such as those used to 

combat HIV, hepatitis C virus, and influenza virus (20). 

The binding mechanism of RNA aptamers is dependent upon the structure of the RNA 

oligonucleotide-aptamer complex. This is formed when the RNA molecule is in the presence of 

the target molecule.  Non-covalent interactions occur between the target and RNA aptamer 

binding pocket, which allows the aptamer to alter in secondary structure to accommodate the 

target-aptamer complex (Figure 1.7) (3).   

Figure 1.7. Depicts the RNA aptamer, in conjunction with an interaction with the aptamer, 

results in an aptamer-target complex. The orange crescent represents the target molecule.   

 

The process of selecting and amplifying RNA aptamers is known as the systematic 

evolution of ligands by exponential enrichment (SELEX) method (Figure 1.8) (21). This method 

utilizes a random RNA library of sequences and allows them to interact with the target molecule.  

A filtration process, for example filtration through a nitrocellulose membrane, is then completed, 
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allowing the RNA aptamer-target complexes to be retained by charge. This allows for the 

aptamers that do not interact with the target molecule to be discarded. The target-aptamer 

complex is then destabilized, allowing the selected RNA to be isolated. This RNA undergoes 

reverse transcription. A PCR reaction amplifies the resulting template DNA, followed by in-vitro 

transcription, resulting in amplified, target-specific RNA aptamers. These aptamers are then able 

to be utilized for clinical, pharmaceutical, and research purposes.  

Figure 1.8. Schematic of the SELEX method, in which RNA aptamers are selected and 

amplified.  

 

RNA-based fluorogenic modules (22) are of particular interests, as they have applications 

in monitoring gene expression (23), new drug screening pipelines (22,24) as microarrays 

developed to sense target molecules of sizes ranging from ions to more complex proteins, using 

allosteric biosensors (25). This module includes a light-up RNA aptamer and a fluorogen. The 

light-up RNA aptamers are selected to specifically bind to small organic molecules exhibiting 

minimal to no fluorescent emission when free in solution (fluorogen or fluorogenic dyes) and 
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trigger its florescence. The well-studied examples include Malachite Green (MG) binding RNA 

aptamers (26) and 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI) binding RNA 

aptamers (27) among others (22,23,28).  

 

IV. Boolean logic and biomolecular computation 

Molecular computers are natural and/or artificial devices in which macromolecules, 

including proteins and nucleic acids, mediate necessary functions. These functions typically 

include three basic operations: sensing inputs, processing inputs, and generating specific outputs. 

The best-known example of a naturally occurring molecular computer is a living cell. Cells 

continuously receive and process an enormous number of signals (inputs) generated by a broad 

range of environmental factors such as temperature, pH, pressure, nutrients, signaling chemicals, 

macromolecules, etc.(29-33). Examples of following responses can include gene silencing, 

enzymatic activity, cell proliferation, migration, and apoptosis (outputs). In the field of synthetic 

biology, there is tremendous interest in the fabrication of artificial “smart” nano-devices that can 

autonomously perform functions similar to the physiological behavior of living cells (34-36). 

Taking the advantages of the RNA light-up aptamers in to consideration, while using 

knowledge of RNA secondary structure folding prediction algorithms, binding affinity of a 

fluorogenic dye to its aptamer can be controlled. In other words, the correct structure (binding 

state) of an RNA aptamer can be distorted by implementing external factors, e.g. pH, 

temperature, presence of allosteric inhibitor etc., thus preventing binding of its fluorogenic dye. 

This can be used to fabricate RNA aptamer-based logic gates (LG) where fluorescence emission 

is utilized as an output. High fluorescence emission will refer to the ON state or as 1 and lack of 

fluorescence – OFF state or 0.   
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Boolean logic gates are devices that follow a single output pattern for combinations of 

binary inputs. LG are based on Boolean algebra, which uses a binary system of values, referred 

to as truth values, that can be deduced to specific input and output trends, referred to as truth 

tables (Figure 1.9). In these LG, input and output presence is indicated by values of “1” or “0”.  

Each truth table corresponds to its own Boolean logic gate. Boolean logic gates do not deviate 

from their specified truth values (37). They depend on logic known as Boolean algebra. Unlike 

typical algebra, the main operations of Boolean algebra are referred to as conjunction, 

disjunction, and negation. In a logical sense, conjunction can be simplified to meaning “A and B 

are true, only if A is true and B is true.” This corresponds directly to the AND logic gate, in 

which two inputs must be present (indicated by (1,1) according to Boolean logic) to produce an 

output of 1.  Disjunction corresponds to the statement: A or B are true, if both A and B are true, 

or if A is individually true or B is individually true. Again, this corresponds directly to a Boolean 

logic gate, OR, in which a single input presence is necessary to produce an output value of 1. 

Negation just simply refers to falsifying the truth, corresponding to the NOT logic gate. Here, 

one input is used and there is an inverse relationship between the input and output values(38). 
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Figure 1.9.  Examples of the most common Boolean logic gates showing expression names, 

symbols, and truth tables.  

 

Simple logic gate systems are often the operational tools behind many complicated 

computational systems.   These computational systems include those present in cell phones, 

computers, and other electronics. Boolean logic gates are often used in the production of these 

systems specifically because they can be adapted in to circuits, in which multiple gates are able 

to be joined (39).  

The most basic unit of logical computation is a half adder (Figure 1.10).  A half adder 

Boolean logic gate circuit component is produced to allow response output to be dictated for 

multiple gates, using the same inputs.  Half adders utilize two binary inputs, to produce two 

binary outputs, referred to as the sum and the carry. Half adders allow a complexity to be 

developed within circuitry, which enables a multitude of other possible applications. A full adder 

utilizes three separate inputs to produce the same two output values as a half adder, referred to 
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again as sum and carry values. Due to the predictability and controllability that is associated with 

logic systems, interest has peaked in their utilization into biomolecule based-computers (40-42).   

 

Figure 1.10. Depicts the truth table of a half adder circuit, in which an XOR gate corresponds to 

the SUM value and an AND gate corresponds to the CARRY value. The schematic on the right 

is a simplistic interpretation of a half adder circuit. 

 

 

V. Silicon technology and its limitation 

In computing devices, input information is mathematically processed into digital signal. 

For example, in the case of a binary code, the basic unit of information is written as a series of 

“0’s” and “1’s,” indicating the two states of the logic circuit. To gain better insight into 

molecular computer operations, it is important to look at the core, the microprocessor.  The 

microprocessor consists of different modules, each one performing different operations, 

including adding and storing numbers(43). The modules are made of numerous transistors, which 

are widely used in electronics, from calculators to spacecrafts.  

A transistor is an electrically driven switch that permits or denies the passage of 

electrons. In brief, transistors made of semiconductive materials like silicon are tasked with the 
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primary role of amplifying and switching electrical power. Essentially, this entails controlling the 

logic behind the computations(44). The semiconductor has positively- and negatively-charged 

areas. Electricity will not flow between these areas unless the conducting channel is open (i.e. the 

Boolean logic gate output is a 1). The channel opens when a conductor, such as an insulated 

metal plate, is electrified. For electrons to flow though the conducting channel, there must be a 

source (input) and drain (output) made of metal. Even if the input is charged, it cannot flow to 

the output unless the gate is also charged. When the gate is charged (output 1), it opens a 

conducting channel that allows the electrons to flow from the negative to positive areas, or from 

the source to the drain (Figure 1.11) (45). 

 

 

 

 

Figure 1.11: Schematic diagram of a transistor. Source (inputs) and drain (output) are utilized in 

conjunction with a logic gate to control electron flow. 

 

 

 

The most fascinating quality of the transistor is that there are no moving parts, in a 

mechanical sense. Electricity alone is used to perform the computer’s functions, toggling 

between the ON and OFF states. This turns out to be ideal for the assembly of digital circuits 

which alternatively permit or deny the passage of an electrical signal, as the signal can pass 

through only if certain logical conditions are satisfied (39). Referencing again the OR gate, this 

gate can be constructed by connecting two transistors to different power supplies (inputs) and 

allowing a current (output) to flow from either or both of these supplies directly to a light bulb. 

The ON and OFF states, in the case of the switches, can be represented as “1” and “0,” 
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respectively. If at least one of the switches is ON, the light bulb will be powered and in the ON 

state (Figure 1.12A). An AND gate can be assembled using similar principles. For this, the 

output wire of the first transistor would be required to be connected to the input wire of the 

second transistor. In this case, both switches would need to be ON for the bulb to be lit (Figure 

1.12B). The basic, binary language of modern computers lies in the realm of Boolean logic(43). 

 

 

 

 

 

 

 

 

 

 

Figure 1.12. Schematic diagram of the OR and AND logic gates. 

 

The overall computer performance (e.g. system availability, response time, latency, 

throughput etc.) roughly depends on the number of transistors embedded within the microchip or 

integrated circuit (IC)(44). The capabilities of digital electronic devices have increased in lock-

step with Moore’s Law, which posits that the number of transistors in a microchip will double 

approximately every two years(46). This trend is poised to reach a limit, however, as the 

unending quest to miniaturize transistors is expected to come to a halt, due to the quantum 

tunneling effect. When the distance of a gate is scaled down about 10 nm, its electrons will jump 
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spontaneously from source to drain, and the control over the flow of electricity will be lost 

(Figure 1.13). To overcome this problem, it is possible to increase the size of microchips or 

fabricate them layer by layer (forming a thicker layer of stacked microchips) (47). Nevertheless, 

this will not solve the problem of keeping up with Moore’s Law; it will only delay the stalemate. 

In anticipation of this stalemate, innovative technologies offering alternatives to silicon-based 

computing are in high demand (48-50).  

 

 

 

 

 

 

 

Figure 1.13: Quantum tunneling, illustrated using blue circles representing electrons. As the 

distance of the barrier (here transistor) decreases, some electrons tunnel through this barrier, 

indicated by yellow arrows.  

 

VI. RNA computing 

In RNA nanotechnology, the development and implementation of RNA-based 

nanodevices that respond to biomolecular inputs by generating output signals, in accordance with 

logic gate behavior, has attracted considerable attention (2,51-53). This has led to the 

development of a sophisticated era known as the RNA computing era. Computing using RNA 

molecules is an integration of the biochemistry and molecular biology disciplines, to achieve a 

certain goal through designing algorithmic processes embedded within polynucleotide structures.  
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The concept of utilizing nucleic acid nanotechnology was proven in 1994, when Leonard 

Adleman demonstrated the ability of synthetic DNA oligonucleotides to solve a seven-point 

Hamiltonian path problem (54). Since then, many studies have reviewed the possibility of 

developing a new generation of molecular logic gates and molecular computers, based on nucleic 

acids (34,36,40,55,56). In contrast to silicon-based computers, utilizing RNA allows for the 

implementation of concentrations of specific molecules (such as metal ions, small organic dyes, 

single stranded DNA or RNA oligonucleotides, peptides or proteins) as inputs, to derive certain 

output signals (e.g. switching between RNA conformations, activation or deactivation of 

ribozyme activity, and down or up regulating certain genes). This relies on the algorithmic 

processes carefully encompassed within an RNA complex or RNA Logic Gate that is capable of 

performing simple AND, OR, NAND, and NOR logic operations, as well as more sophisticated 

logic circuits (52,55,57). In literature, there are various classes of functional RNA molecules 

such as ribozymes, RNA aptamers, riboswitches, miRNA and siRNA, and orthogonal ribosomes 

that have been proven to be useful in fabricating computational systems (53,58). However, to the 

best of our knowledge the development of RNA logic gates based on fluorogenic sensing models 

has yet to be realized.  

In this work, we report the design and assembly of a conceptually new generation of 

molecular logic gates based on an RNA fluorogenic system, possessing basic AND, OR, NAND, 

and NOR logic operations, through implementation of a light-up MG binding RNA aptamer. 

This represents a label-free oligonucleotide biosensing platform with potential applications in 

biocomputing and biosensing. Single stranded DNA (ssDNA) oligonucleotides were used as 

inputs to trigger the desired displacement reactions, while outputs were obtained through 

fluorescence enhancement values, as the ratio of the emission of the MG dye bound to its 
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aptamer divided by the emission of the free MG in solution. The corresponding output values of 

OFF (0) and ON (1) are obtained by low and high fluorescence enhancements, respectively.  In 

addition, we demonstrate the fabrication of a basic component of a functional digital circuit, 

known as a half adder, by incorporating two logic gates (AND and XOR) onto a previously 

reported tetragonal RNA nanoparticle (39,41). The design utilizes fluorescence emissions from 

two distinct fluorogenic RNA modules: the triphenylmethane dye binding MG RNA aptamer and 

the DFHBI binding Broccoli RNA aptamer (59).  The presence of ssDNA inputs alter the 

conformation of the RNA aptamers in such a manner as to either permit or deny fluorogen dye 

binding to the aptamer, resulting in fluorescence (ON) or non-fluorescence (OFF) states within 

one nanostructure. This RNA logic gate system demonstrates the potential of light-up RNA 

aptamer as a universal arithmetic tool for molecular programming and supports further 

development concerning well-regulated molecular electronic devices and biosensors.  
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CHAPTER 2: MATERIALS AND METHODS  

I. Design of RNA logic gates and nanoparticles 

1) Computational design of RNA logic gates and nanoparticles 

i) 3D RNA modeling 

1) To model RNA structures a 3D modeling software, Swiss PDB viewer, 

(https://spdbv.vital-it.ch/) was used (60). This is a free molecular graphics computer 

program, which assists in the prediction, manipulation, and analyzation of 3D RNA 

structures. To construct model structure of a half adder, the crystal structure of the 

Spinach RNA aptamer (PDB ID 4KZD) and the NMR structure of the MG binding 

RNA aptamer (PDB ID 1Q8N) were imported into the molecular modeling software 

and manually aligned on the vertices of the existing RNA tetragonal structure 

following previous protocols (61). The resulting structure was further processed with 

another modeling software PyMOL (62) to adjusting colors, helical topology models, 

and picture resolution. 

ii) Sequence optimization using NUPACK and mfold:  

1) All designed RNA and DNA sequences were processed with a secondary structure 

predicting algorithm NUPACK (63) and mfold (64) to eliminate unwanted sequences 

(See Appendix Table A1 for sequence composition).  These software programs 

predict the secondary structure of single stranded RNA and DNA, as well as multiple 

strands in a complex. This is done by calculating the partition function, equilibrium 

base-pairing probabilities, and the minimum free energy secondary structure to 

predict the targeted most likely secondary structure for complexes of RNA and DNA. 
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The structure of the natural formation of nucleic acids is one that is typically 

predicable, through canonical (Watson-Crick) base pairings.  

2) DNA and RNA oligonucleotides 

i) All DNA oligonucleotides used in this project were obtained from Integrated DNA 

Technologies (IDT.com) at 5 nmol synthetic scale as desalted products. Oligonucleotides 

were dissolved to obtain concentration of 100 µM in double deionized water (dd H2O). 

The DNA MG inhibitor strand that contained more than 165 nt were purchased as 4 nmol 

products.   

ii) All RNA strands were obtained through in vitro transcription reaction using t7 RNA 

polymerase following well developed protocols (65). 

II. Polymerase Chain Reaction (PCR)  

PCR reactions allow for the amplification of DNA sequences of interest, utilizing DNA 

polymerase and a programmable thermocycler (61,66). 

1) DNA primer design  

i) Primer design is the first step to performing a PCR reaction. Primers are short DNA 

sequences that are complementary to the template and initiate DNA synthesis. Strands are 

made up of various numbers of primers, depending on the overall length of the strand. 

Even numbers of primers are used, with approximately 16 overlapping complementary 

base pair sections on adjacent primers.  There are at least two primers used in each strand, 

a forward primer and a reverse primer. The forward primer is complementary to the 5’ 

end of the double stranded DNA; the reverse primer is complementary to the 3’ end of 
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the sequence. If the strand is extremely long, inner primers are designed in pairs(67). 

Refer to the Appendix Table A2 for the list of DNA primers used in this project.  

2) PCR procedure 

i) DNA polymerase is the enzyme used in a PCR reaction that synthesizes nucleic acids, 

with the aid of seventeen nucleotide promoter region: 5’-TAATACGACTCACTATA-3’.   

ii) PCR reactions involves a cycle of three steps, in which DNA is denatured, then primers 

are annealed, and finally DNA strand extension(66).  

1) Denaturing DNA: This heats the samples to 94°C. This high temperature allows the 

hydrogen bonds between the DNA strands to be broken, resulting in only single 

stranded DNA.  

2) Primer annealing: Samples are cooled to 55°C, which allows the primers to anneal 

based to their complementary sequences.  

3) Extension: This refers to the heating of the samples to 72°C, as this is the optimal 

temperature for DNA polymerase activity. DNA polymerase extends the primers, by 

adding complementary nucleotides to them, which are available due to the addition of 

deoxynucleotide solution (dNTPs) in the sample. This allows for the formation of 

double stranded DNA: the template DNA and it’s complementary strand.  

4) This cycle is repeated 25 times, followed by an incubation at 4°C to maintain 

products until time for use.   

iii) Materials: 

1) PCR machine, for example a MultiGene Mini thermal cycler (Labnet, Edison, NJ) 

2) PCR test-tubes 
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3) 100 µM stock concentration of DNA primers, for in vitro RNA transcription, 

dissolved in dd H2O. 

4) Commercially sold PCR kit, containing Standard Taq Reaction Buffer, Taq DNA 

polymerase (NEB, Ipswich, MA, #M0273L) 

5) dNTPs (Sigma-Aldrich, St. Louis, MO, #DNTP100A-1KT) 

iv) Procedure:  

1) Prepare solutions according to the recommended protocol from New England Biolabs 

(Table 2.1) 

Table 2.1. PCR reaction set up 

Reagents Volume 

Standard Taq Reaction buffer 10 µL 

10 mM dNTPs 2 µL 

100 µM forward primer 1 µL 

100 µM reverse primer 1 µL 

100 µM inner primer 1 (if applicable)  0.5 µL 

100 µM inner primer 2 (if applicable) 0.5 µL 

Taq DNA polymerase 0.5 µL 

ddH2O 85.5 µL (with no inner primers) 

84.5 µL (if 2 inner primers are used) 

Total volume = 100 µL 

 

2) For a control sample, the 0.5 L of Taq DNA polymerase is replaced with an 

additional 0.5 L of ddH2O. 

3) The following incubations are recommended to allow for maximum amplification, 

utilizing a thermal cycler: 

(1) 94°C for five minutes 
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(2) 94°C for one minute 

(3) 55°C for one minute 

(4) 72°C for one minute 

(5) Repetition of (2), (3), and (4) 25 times 

(6) 72°C for one minute 

(7) 4°C for five minutes 

3) PCR products purification and concentration using ethanol precipitation 

i) Amplified DNA products from PCR reactions are purified, concentrated, and de-salted 

through alcohol precipitation procedure (66). Essentially, the nucleic acid is precipitated 

out of the solution through the addition of ethanol and a salt to the PCR products. The 

concentration of the purified DNA is checked utilizing a Nanodrop spectrometer. 

ii) Materials 

1) Centrifuge 

2) Speed Vacuum 

3) NanoDrop 1000 Spectrophotometer (ThermoFisher Scientific, Waltham, MA) 

4) Cold 100% ethanol (Sigma-Aldrich, #459836-500 mL) 

5) Cold 90% ethanol (Sigma-Aldrich, #459836-500 mL) 

6) 3M sodium acetate (Sigma-Aldrich, #S2889-1KG) 

iii) Purification procedure: 

1) Add 300 µL of cold, 100% ethanol (maintain at minimum a 2.5:1 ethanol:product 

volume ratio) and 40 µL of 3M sodium acetate directly to 100 µL PCR sample.  

2) Vortex thoroughly and store at -80C for 1 hour. 

3) Centrifuge samples at 15,000 rpm for 30 minutes at 4C 
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4) Discard supernatant, without disturbing the pellet. 

5) Wash by adding 300 µL cold, 90% ethanol to pellet. 

6) Centrifuge samples at 15,000 rpm for 15 minutes at 4C. 

7) Discard supernatant, without disturbing the pellet, and dry using speed vacuum. 

8) Resuspend DNA pellet in 20 µL ddH2O. 

iv) Measuring concentration:  

1) Turn on spectrometer and select the nucleic acid assay on the display page. 

2) Blank spectrometer utilizing 2 µL ddH2O. 

3) Take a measurement utilizing 2 µL ddH2O, to ensure the spectrometer is accurately 

reading. 

4) Take a measurement of DNA samples, again using 2 µL of each sample.  

5) Record DNA concentration in ng/µL 

4) Analysis of PCR products on agarose gel electrophoresis. 

i) One technique used in the analysis of the quality of DNA products is agarose gel 

electrophoresis. A porous agarose gel medium is used to allow for the separation of DNA 

products. DNA fragments can be analyzed with this type of gel electrophoresis due to 

their negative charge, which allows them to travel across the medium toward the positive 

electrode (61). In agarose gel electrophoresis an intercalator dye, ethidium bromide, is 

often used to allow for fluorescent gel imaging.  Separation of DNA particles occurs due 

to charge and size differences. Longer DNA strands migrate through the porous agarose 

gel at a significantly slower rate than shorter strands. Determination of success of the 

PCR products can be obtained utilizing this method.  

 



29 
 

ii) Materials 

1) 100 mL Erlenmeyer flask 

2) Agarose gel electrophoresis setup 

3) Microwave 

4) Gel reader, e.g. BioRad Gel Doc XR+ Imager (BioRad, Hercules, CA) w 

5) Tris-acetate-EDTA buffer (TAE buffer), pH= 8.0 

(1) Buffer composition:  

(a) 40 mM Tris base (IBI Scientific, # IB70145) 

(b) 20 mM acetic acid 

(c) 1 mM ethylenediaminetetraacetic acid (EDTA) (Fisher BioReagents, #E-478) 

6) 10% ethidium bromide (Sigma-Aldrich, #46067-50ML-F) 

7) Agarose gel powder 

8) Agarose gel loading dye  (native loading dye) 

(1) 40% (w/v) Sucrose (Fisher BioReagents, #S5-500) 

(2) 0.25% (w/v) Bromophenol blue (Fisher BioReagents, #B392-5) 

(3) 0.25% (w/v) Xylene cyanol FF (Fisher BioReagents, #B392-5)  

9) Purified DNA samples 

10) Low molecular weight ladder (NEB, #N3233L) 

iii) Procedure  

1) Set up a 3% agarose gel solution 

(1) Place 3 grams of agarose gel powder in to an Erlenmeyer flask. 

(2) Add 2 mL TAE buffer.  

(3) Dilute to 100 mL using ddH2O. 
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(4) Using microwave, heat mixture for approximately 90 seconds or until mixture is 

clear, swirling flask at 15 second intervals. 

(5) Allow mixture to cool to room temperature and add 1 µL 10% ethidium bromide 

(6) Pour liquid mixture into gel cassette, properly positioning the comb to create 

wells. Allow polymerization to occur for approximately 20 minutes or until gel is 

set. 

(7) Prepare samples for loading by adding 2 µL of DNA samples to 2 µL loading dye. 

Repeat this process for the low molecular weight.  

(8) Add 15µ L TAE buffer and 185 µL ddH2O to the system. Load samples; run the 

gel for approximately 45 minutes at 110 V.  

(9) Image gel utilizing gel reader.  

The representative agarose gel image is shown in Appendix Figure A1. 

 

III) RNA in vitro transcription 

Transcription is the process of synthesizing RNA utilizing a DNA template. Transcription of 

RNA can be completed via an enzymatic synthesis reaction. This enzymatic process utilizes T7 

RNA polymerase to synthesize RNA in vitro. The size of T7 polymerase is approximately 98 kD 

and allows for the production of milligram quantities of RNA up to 30,000 nucleotides long (65). 

RNA transcription can also be done chemically, however it is difficult to obtain RNA strands 

longer than 50 nucleotides(68). As the production of large amounts of RNA are necessary for the 

synthesis of RNA nanoparticles, enzymatic transcription is the ideal method. 
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1) RNA transcription of DNA product 

i) Materials:  

1) Thermocycler or water bath 

2) Transcription buffer 

a. 400 mM HEPES-KOH, pH 7.5 (E&K Scientific, Santa Clara, CA, #EK-

654013) 

b. 10 mM spermidine (Fisher BioReagents, #BP25405) 

c.  200 mM DTT (ThermoFisher Scientific, #R0861) 

d. 120 mM MgCl2 (Fisher BioReagents, #M33-500) 

e. 25 mM ribonucleotide tri-phosphates (rNTPs) 

1. 100 mM Adenosine 5’-triphosphate disodium salt hydrate (Sigma-

Aldrich, #A7699-5G) 

2. 100 mM Cytidine 5’-triphosphate disodium salt hydrate (Sigma-

Aldrich, #30320-500MG) 

3. 100 mM Uridine 5’-triphosphate trisodium salt hydrate (Sigma-

Aldrich, #U6750-1G) 

4. 100 mM Guanosine 5’-triphosphate sodium salt hydrate (Sigma-

Aldrich, #G8877-250MG) 

3) 100 mM dithiothreitol (DTT) (ThermoFisher Scientific, #R0861) 

4) Purified DNA template 

5) T7 RNA Polymerase (NEB, #M0251S) 

ii) Procedure 

1) Prepare samples according to the Table 2.2. 
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2) For the control sample, the 10 µL of T7 RNA polymerase is replaced with an 

additional 10 µL of ddH2O. 

3) Incubate samples at 37C for 6-12 hours 

4) Add 1 L DNase I (ThermoFisher Scientific, #EN0523) to each sample 

5) Incubate at 37C for 15 minutes 

6) Samples can be stored at -20C until purification 

RNA products obtained after transcription are demonstrated in Appendix Figure A2. 

 

IV. Purification of RNA using denaturing polyacrylamide gel electrophoresis (PAGE)  

Purification of RNA synthesized in vitro is necessary to remove remaining RNA polymerase, 

unused free nucleotides, as well as RNA byproducts(61).  Purification and analysis of purity of 

the RNA are obtained utilizing denaturing polyacrylamide gel electrophoresis (UREA-PAGE). A 

porous polyacrylamide gel is used to allow for strand separation.  Due to RNA folding in to 

Table 2.2. RNA transcription protocol 

Reagents Volume 

Transcription buffer 10 µL 

25 mM rNTPs 10 µL 

100 mM DTT 5 µL 

Purified DNA template 10 µL 

T7 RNA polymerase 10 µL 

ddH2O 5 µL 

Total volume= 50 µL 
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stable secondary structures, which affects their travel rate, non-denaturing gel electrophoresis 

separates these molecules based on their size. Urea is one of the chemical desaturating agents 

utilized in the denaturation process, as it over competes with the RNA nucleobases formation of 

hydrogen bonds; this lack of hydrogen bonds results in a completely unfolded RNA strand. This 

allows the RNA to be separated by strand size. UV shadowing is then used to visualize the 

resulting RNA bands. This technique utilizes a fluorescent TLC plate coated with silica, and a 

short-wave UV light (246 nm). Nucleic acids absorb light at this wavelength and develop a 

shadow on the gel. Individual band are excised with a razor blades(61) and gel slices are placed 

in an Eppendorf tube for overnight elution at   +4 °C. 

1) RNA purification on 8 M UREA polyacrylamide gel electrophoresis (PAGE) 

i) Materials 

1) PAGE gel setup apparatus 

2) Power supply for PAGE setup 

3) TLC plate 

4) Short wave UV light 

5) Shaker  

6) Transcription samples 

7) Tris-borate-EDTA (TBE) buffer, pH = 8.0  

a. 900 mM Tris base 

b. 900 mM Boric acid (IBI Scientific, Peosta, IA, #IB70096) 

c. 20 mM EDTA 

8) 8 M urea 20% denaturing PAGE gel solution, pH = 8.0 

a. 20% Acrylamide (Fisher BioReagents, #BP1410-1) 
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b. 8 M Urea (IBI Scientific, #IB2064) 

9) 8 M urea loading dye 

a. 8 M urea 

b. TBE (final concentration 45 mM Tris base, 45 mM Boric acid, 1 mM 

EDTA) 

c. 1% bromophenol blue 

10) 10%  ammonium triphosphate (APS) (Fisher BioReagents, Waltham, MA, 

#BP179-100) 

11) Tetramethylethylenediamine (TEMED) (Fisher BioReagents, #BP150-20) 

12) RNA elution buffer 

a. TBE buffer (90 mM Tris base, 90 mM Boric acid, 2 mM EDTA) 

b. 0.3 M NaOAc (Sigma-Aldrich, #S2889-1KG) 

ii) Procedure 

1) Prepare the following 20% denaturing PAGE gel: 

i) Assemble gel plates and seal.  

ii) Mix 5 mL of 8M Urea 20% denaturing PAGE gel solution with 70 µL 

APS, and 7 µL TEMED together and vortex thoroughly.  

iii) Pour gel in between plates and place comb in for well formation; this 

must be done quickly. 

iv) Allow polymerization to occur for approximately 20 minutes. 

v)  Assemble gel gasket, utilizing 1 X TBE 

vi) Wash wells 
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vii) Create 1:1 transcription solution: 8 M urea loading buffer samples. 

Load samples and run the gel at 155 V for approximately two hours. 

viii) UV extraction and RNA elution 

i. Remove gel and place on TLC plate. 

ii. Excise RNA bands under UV light. 

iii. Place bands in to centrifuge tubes; crush the gel pieces utilizing 

pipette tips. 

iv. Add 950 µL RNA elution buffer to centrifuge tubes. 

v. Place samples in shaker; allow elution to occur for 

approximately 12-24 hours.  

Precipitation of RNA strands is done utilizing similar ethanol precipitation procedure described 

above.  

V. RNA nanoparticle assembly via annealing 

     1) RNA nanoparticle “one-pot” assembly 

i) Materials 

1) Thermocycler 

2) TMS buffer  

a. 50 mM MgCl2 (Fisher BioReagents, #M33-500) 

b. 500 mM Tris base (IBI Scientific, # IB70145) 

c. 1000 mM NaCl (IBI Scientific, #IB07073) 

3) equimolar RNA strands (1 µM final concentration) 

 



36 
 

ii) Procedure: 

1) Prepare 10 µL samples according to the Table 2.3. 

2) Place samples in thermocycler with the following steps to anneal RNA 

samples. This is standard and must be done for all further nanoparticle 

assemblies. (Heat to 94 °C for 5 minutes, slow cool to 4 °C over one hour) 

 

Table 2.3. RNA stepwise assembly protocol  

Reagents Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

(full circuit) 

TMS buffer (µL) 1 1 1 1 1 

10 µM rS1 (µL)   1 1 1 

10 µM MB2 (µL) 1 1 1 1 1 

10 µM MB3 (µL)  1 1 1 1 

10 µM MB4 (µL)    1 1 

10 µM MB5 (µL)     1 

ddH2O (µL) 8 7 6 5 4 

Total Volume = 10 µL 

      

2) RNA nanoparticle assembly analysis using native PAGE 

i) As mentioned earlier, non-denaturing polyacrylamide gel electrophoresis 

separates RNA based on size and shape, as RNA has a stable secondary structure. 

Native-PAGE is used to confirm RNA complexes stepwise assembly (61). As 

additional strands are added, as shown in Table 2.3, the decreased migration of 
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RNA bands indicates successful addition of strands to a complex. For this reason, 

native PAGE is a useful tool in RNA nanoparticle assembly evaluation. 

ii) Materials 

1) PAGE gel setup apparatus 

2) Power supply for PAGE apparatus 

3) Gel reader 

4) RNA nanoparticle samples 

5) DNA Low molecular weight ladder (NEB.com) 

6) Tris-borate-magnesium (TBM) buffer, pH = 8.0  

a. 900 mM Tris base (IBI Scientific, # IB70145) 

b. 900 mM Boric acid (IBI Scientific, #IB70096) 

c. 50 mM MgCl2 (Fisher BioReagents, #M33-500) 

7) 40 % acrylamide stock (Arylamide:bis-acrylamide 29:1) 

8) Native loading dye 

9) 10% ethidium bromide 

10) 10% APS 

11) TEMED 

 

iii) Procedure: 

1) Prepare 7%  Native PAGE gel 

a. Assemble and seal gel plates. 

b. Prepare a 7% native PAGE gel solution (7% acrylamide, TBM, 

40% acrylamide stock) in a centrifuge tube. 
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c. Add 80 µL 10% APS and 8 µL TEMED. 

d. Vortex thoroughly, pour gel, and allow polymerization to occur for 

approximately 20 minutes.  

e. Assemble gel gasket fully, utilizing TBM, and wash wells. 

f. Prepare samples and run PAGE gel 

g. Load 2 µL of low molecular weight ladder and 2 µL native loading 

dye in to the first well. 

h. Using the same 1:1 ratio of sample:dye, load 4 µL of samples 1-6 

in Table 2.3 to the following lanes. 

i. Run the gel in TBM buffer at 90 V for approximately 60 minutes. 

j. Soak gel in ~200 mL ddH2O + 2 µL Ethidium Bromide (Sigma-

Aldrich, #46067-50ML-F). Wash the gel in ddH2O. 

k. Image gel with gel reader. 

 

VI. Melting point determination using a UV melting experiment 

UV thermal denaturation is a technique in which the melting point of RNA and DNA complexes 

can be determined. As temperature causes the hydrogen bonds between complementary bases to 

break, temperature causes the dissociation of double strands. The melting point is the point at 

which 50% of the strands are denatured. This point can be determined utilizing an absorbance 

versus temperature graph. The peak on the first derivative of the resulting sigmoidal curve will 

correspond to the melting point. This melting point can correspond to the stability of the nucleic 

acid complexes(61).  
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1) UV-vis thermal denaturation 

i) Materials 

1) UV-visible spectrophotometer (Aligent Technologies) 

2) Electronically controlled thermal block  

3) Quartz cuvettes (Starna Cells, Inc, Atascadero, CA, #26.50LHS-Q-10/Z15) 

4) Speed vacuum   

5) Centrifuge  

6) 1 µM RNA nanoparticles in TMS buffer solution 

iii) Procedure 

1) Prepare 2 x 100 µL equimolar RNA nanoparticle samples (1µM rS1, MB2, MB3, 

MB4, MB5, TMS) and one TMS only blank. 

2) Incubate one sample with malachite green triphenylmethane dye and DFHBI (2 µM 

overall concentration) for 15 minutes at 37 °C. 

3) De-gas samples for up to 90 seconds, using a speed vacuum. 

4) Centrifuge samples for approximately 2 minutes. 

5) Load 80 µL of each sample in to a quartz cuvette. 

6) Determine absorbance of RNA nanoparticle 

7) Turn on UV visible spectrophotometer.  

8) Blank UV-vis spectrophotometer using TMS sample. 

9) Determine absorbance of nanoparticles not incubated in dye at 260 nm. 

10) Determine absorbance of nanoparticles incubated in dye at 260 nm. 

11) For accuracy, the values for (3) and (4) should be fall between 0.5 and 1 a.u.  

12) Run thermal denaturation experiment. 
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13) Turn thermal controller on and select the thermal denaturation program. 

14)  Ensure the UV-visible spectrophotometer is set to 260 nm, again as this is the 

wavelength nucleic acids show absorbance.  

15) Set the temperature ramp to run from 20 °C to 90 °C, with 1°C intervals and a hold 

time of 0.00 min.  

16) Click run; allow the experiment to complete and repeat for remaining samples. 

 

VII. RNA nanoparticle size measurements using dynamic light scattering (DLS) 

DLS is a commonly used technique in nanotechnology that is use to determine the size and size 

distribution profile of submicrometer particles (61).    

1. DLS experiment 

i) Materials 

1) Assembled nanoparticles in solution  

2) Dynamic light scattering machine 

3) Computer connected to DLS 

4) Quartz cuvettes (Starna Cells, Inc., #16.50F-R-Q-10/Z8.5) 

5) Centrifuge 

6) 1µM Nanoparticles in TMS  

ii) Procedure: 

1) Anneal 2 x 100 µL 1 µM RNA nanoparticles (1µM rS1, MB2, MB3, MB4, MB5, 

TMS) and one TMS only blank 

2) Centrifuge samples for 2-3 minutes 
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3) Load 80 µL in to quartz cuvettes 

4) Insert cuvette into cell holder, pushing down until it clicks in to place 

5) Select ‘Manual’ and enter sample name, set material to ‘Protein’, cell type as ‘Quartz 

Cuvette (DTS2145)’, and set measurement number to three. Laser measurement angle 

should be set to 173° Backscatter, with a wavelength of 633 nm.  The temperature 

should be set to 22 °C and viscosity should be set to 0.9540 cP.  Run samples. 

 

VIII. RNA nanoparticles imaging using AFM  

Atomic force microscopy (AFM) is a scanning probe microscopy technique, which results in 

imaging with resolution capabilities on the order of fractions of a nanometer(61). AFM is 

employed to determine 2D topography of the nanoparticles in air. 

1. AFM imaging of half adder nanoparticle 

i) Materials 

1) Atomic force microscopy unit (Agilent Technologies, Santa Clara, CA) 

2) Mica disks (Ted Pella, Inc., Redding, CA, #52) 

3) Poly L-lysine 0.002% aqueous solution  

4) 50 nM preassembled RNA nanoparticles  

ii) Procedure: 

1) Freshly cleaved mica plates are pretreated with poly L-lysine for 1 min and are 

washed with dd H2O. RNA nanoparticles (50 nM final concentration) are placed on to 

the center of the mica for 2 min and air dried. Imaging was conducted in AC mode 

with a scanning rate 5 Hz and resolution 500pts/lane.   
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IX. Nanoparticle evaluation using fluorescence 

Fluorescence occurs when molecules are excited at a specific wavelength, to allow photons to 

jump into higher energy states. To return to the ground state, energy is released in the form of 

fluorescent light at a higher emission wavelength(4). Measuring fluorescence as the output for 

the individual RNA light-up aptamers, as well as the nanoparticle circuit, allows for the 

confirmation of controlled logic. A mutated nanoparticle (dye binding pockets disrupted by 

mutated nucleotides), individual dyes, combination of dyes, and RNA with no dye present are 

ran as negative controls in TMS, to show that fluorescence only when there is a proper RNA 

aptamer-dye complex formed. Input determination of fluorescence was also controlled with 

random DNA oligonucleotide sequences in conjunction with the nanoparticle and inhibitors, to 

show inputs are only able to affect fluorescence when they are the specific sequences.   

 

1. Evaluation of logic control using fluorescence 

i) Materials 

1) Fluorometer (Jovin Yvon Hibora Fluoromax-3) 

2) Quartz microcuvettes  

3) Nanoparticle/logic gates in solution 

ii) Procedure: 

1) Prepare sample, with a 1:1:2.5 overall RNA: inhibitor: total input ratio (Table 2.4) 

2) Anneal samples, utilizing same heating technique for nanoparticle assembly.  

(Heat to 94◦C for 5 minutes, slow cool to 4◦C over one hour) 

3) Incubate samples with DFHBI and MG triphenylmethane dye ([2 µM] final). 
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4) Fluorescence reading 

a. Fluorescence readings took place separately for each dye.  

b. To get a reading on the broccoli aptamer, DFHBI has an excitation at 465 nm with 

an emission wavelength of 510 nm(59). Wavelength excitation occurred at 465 

nm and data was gathered from 475-700 nm. 

c. To allow for a reading corresponding to the malachite green aptamer, which has a 

615 nm fluorescence excitation with an emission wavelength at 650 nm (26), 

Table 2.4 Half adder composition as function input oligonucleotides 

Reagents Sample 1 

(control) 

Sample 2 

(0,0) 

Sample 3 

(1,0) 

Sample 4 

(0,1) 

Sample 5 

(1,1) 

10 µM rS1 (µL) 10 10 10 10 10 

10 µM MB2 (µL) 10 10 10 10 10 

10 µM MB3 (µL) 10 10 10 10 10 

10 µM MB4 (µL) 10 10 10 10 10 

10 µM MB5 (µL) 10 10 10 10 10 

100 µM MG inhib (µL)  2 2 2 2 

100 µM BR inhib (µL)  2 2 2 2 

100 µM input 1 (µL)   10  5 

100 µM input 2 (µL)    10 5 

TMS (µL) 10 10 10 10 10 

ddH2O (µL) 40 36 26 26 26 

Total volume = 100 µL 
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excitation occurred at 615 nm and fluorescence spectra was recorded from 630-

750 nm. 

2) Degradation experiment 

A degradation experiment is conducted similarly to the above fluorescence 

measurements. Fluorescence measurements are taken at varying time intervals ranging 

from 0 – 24 hours at ambient conditions.  The resulting fluorescent intensities from both 

the MG and Broccoli RNA aptamers are normalized and plotted against time. A non-

linear fitting curve, using the exponential function, fits the data and allows for the 

calculation of half-life times using the following equation: 

𝑁(𝑡) = 𝑁0𝑒
−𝜆𝑡 

where N is measured normalized intensity, N0 is the maxima of normalized intensity,  is 

decay constant and t is time in hours. 
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CHAPTER 3: RESULTS AND DISCUSSION   

I. Design and fabrication of a logic gates possessing AND, OR, NAND and NOR Boolean 

functions. 

RNA molecules featuring aptamers that bind a fluorogenic dye and activate fluorescence 

have the potential to be highly sensitive and convenient probes in the field of synthetic biology. 

The initial system is comprised of a RNA hairpin molecule, containing an MG RNA binding 

aptamer sequence, and the MG fluorogen (triphenylmethane dye) (26,69). The fluorescence of 

the dye is negligible when free in solution (OFF state) and increased tenfold upon binding to its 

RNA aptamer (ON state) (Figure 3.1). The principle of the LG design is based on the structural 

manipulation of the RNA aptamer, due to the binding affinity of the fluorogenic dye to its light-

up RNA aptamer, which is dependent upon the correctly folded RNA structure. Therefore, the 

fluorescence emission can be precisely turned ON (correctly folded RNA structure) and OFF 

(disrupted conformation). The four logic gates AND, OR, NAND, and NOR were designed using 

this highly effective and modular approach (Figures 3.2, 3.3). 

 

 

 

 

 

Figure 3.1. Logic gates design strategy based on light-up RNA aptamers. The fluorescent 

reporter, Malachite Green (MG), in its unbound state exhibits low fluorescence (OFF); the 

emission of the chromophore increases substantially upon binding to its RNA aptamer (ON). 
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Individual gates employed light-up RNA aptamers, consisting of two extended sequences 

localized at both 5’ and 3’-ends (highlighted in Figure 3.2A, 3.3A in black). This will be further 

referred to as the interfering end for the AND and OR gates and the non-interfering ends for the 

NAND and NOR gates. The MG RNA aptamers core sequence is highlighted in red. The end 

sequences are tailored to bind to the ssDNA oligonucleotides, which serve as inputs. All RNA 

gates were designed in-silico, relying on secondary structure prediction algorithms encompassed 

within NUPACK(63) or Mfold programs (64). Fluorescence was measured at room temperature 

in 1x TMS buffer as described in the Materials and Methods section. Each RNA logic gate was 

designed to have complementary regions (at the 5’- and 3’ ends) to ssDNA oligonucleotide 

inputs, with lengths ranging from 15-27 nucleotides. While each gate processes a different pair of 

oligonucleotide inputs, the sequences and, therefore, structures for AND and OR were designed 

to be identical. This is because both initial structures with no inputs present should permit a 0 

output value or OFF state, according to their respective truth tables (Figure 3.2A). Note that 

input “a” of the AND gate, for instance, is not the same as input “a” of the OR gate; the terms 

“a” and “b” were merely employed across the board for simplicity. In a similar manner, initial 

structures for the NAND and NOR gates were chosen to share an identical nucleotide sequence, 

as the ON state is a requirement for both structures at when conditions allow no inputs to be 

present. For each logic gate, the fluorescence intensities were normalized throughout the 

experiments; the threshold value was chosen to be 60%. The normalization was conducted by 

subtracting out the fluorescence intensity of the free malachite green triphenylmethane dye in 

solution and setting the maximum fluorescence of the RNA aptamer sequence with dye present 

as the maximum percentage. The normalization corresponds to an intensity value greater than 

60% yielding an output value = 1, while an intensity below this value yields an output = 0.  
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The AND and OR gates RNA sequence in its default setting (0-0; no inputs present) was 

designed using interfering ends, the purpose of which was to form a complementary base pairing 

with the RNA aptamer MG binding region (Figure 3.2). The interfering sequences at both ends 

were chosen to form a weak hairpin-like 2D structures. These hairpins are formed by involving 

core nucleotides that are responsible in the formation of a binding pocket for the MG fluorogen 

(sequences available in Appendix Table A1) (Appendix Figure A3).  Thus, the presence of the 

hairpins prevents the light-up aptamer from binding to the triphenylmethane dye, diminishing 

the fluorescent signal to well below the 60% normalization point. The AND operation is 

realized by carefully designing two short ssDNA inputs (a and b), which bind to the 5’ end and 

the 3’ interfering ends, respectively (Figure 3.2). The structural rearrangement to the ON 

conformation occurs only when there are two inputs present at the same time. The presence of 

the inputs releases the core MG nucleotides, thus allowing them to fold into the proper ON 

conformation. The selection of these particular ssDNA inputs was achieved through varying 

input length and utilizing RNA structure prediction programs (Appendix Figure A4). The goal 

was to select inputs at the appropriate length to allow hybridization of the input with its target 

hairpin, without perturbing the conformation of the opposite hairpin. It relies on the 

equilibrium between the duplex (formed by ssDNA and hairpin nts) and hairpin structures, 

where equilibrium slightly shifts in favor of hairpin structure. However, inclusion of both 

inputs favor structures with two duplexes, triggering the structural rearrangement of the 

overall complex, leading to liberation of the core nts accountable for MG binding site 

formation. As shown in Figure 3.2B, resulting fluorescence intensity measured for four 

annealed samples (0-0; 0-1; 1-0, and 1-1) is a clear indication of the effectiveness of the AND 

gate function.  



48 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Logic gate design principles for the AND (on the left) and OR (on the right) 

processing. A) Secondary structures of designed AND LG demonstrating the structural 

response as a function of ssDNA inputs A and B. The red region corresponds to MG 

binding aptamer sequences. B) Representative fluorescence red outs with no inputs, and 

presence of only one input, and both inputs. Normalization lines are marked in grey. C) 

LG truth table and calculated relative fluorescence intensity at 650 nm. Bars represent 

average deviation of the mean from three or more independent measurements.  

Normalization lines are marked in red.  
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The OR construct, shown in Figure 3.2, which yields an output value of 0 for the scenario 

0-0 and an output of 1 for scenarios 1-0, 0-1, and 1-1 share the identical RNA sequence as AND 

gate. However, the ssDNA inputs were designed to be several nucleotides longer (Appendix  

Table A1), achieving an equilibrium state in which inclusion of at least one input will trigger a 

formational change in a favor of the correctly folded MG binding RNA aptamer. The design 

criterion is based on the strand displacement reaction. The input A or B, upon binding to its 

corresponding hairpin, will create a stable hybrid RNA/DNA duplex. The disrupted hairpin nts 

initiate a conformational change of the whole construct, favoring the formation of the ON 

aptamer state. The measured fluorescence emission values in solution demonstrate the OR 

behavior of the RNA construct (Figure 3.2). 

In contrast to the AND and OR gates, the NAND and NOR gates were designed so the 

default structure possess the correctly folded light-up MG RNA aptamer and the extensions at 

5’ and 3’end do not interfere with the core structure (Figure 3.3). To realize the corresponding 

NAND operation, non-interfering ends must be able to bind input A or input B without 

sacrificing the conformation of the aptamer. However, when both A and B are presented, the 

conformation of the aptamer needs to be sufficiently distorted to register an output = 0. Figure 

3.3C summaries the fluorescence enhancement measurements for the NAND gate. Interestingly, 

while input A alone (1-0) decreases fluorescence as compared to the 0-0 state, input B alone (0-

1) increases it slightly. Inputs A and B in tandem (1-1) triggered a noticeable decrease in 

fluorescent intensity.  

The NOR logic gate was constructed utilizing the NAND RNA molecule. Figure 3.3B 

shows the apparent jump in fluorescent intensity between output = 0 and output = 1, owing to the 
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nature of the RNA NAND logic gate. The designed ssDNA input that complimentarily pairs with 

the RNA gate can significantly disrupt the conformation of the RNA molecule, rendering MG-

binding impossible. Hence, the output was “1” when neither DNA input was added.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Logic gate design principles for the NAND (left pannel) and NOR (right pannel) 

processing. A) Secondary structures of designed LG demonstrating the structural response as a 

function of ssDNA inputs a and b. The red region corresponds to MG binding aptamer 

sequences. B) Representative fluorescence red outs with no inputs, and presence of only one 

input, and both inputs. Normalization lines are grey. C) LG truth table and calculated relative 

fluorescence intensity at 650 nm. Bars represent average deviation of the mean from three or 

more independent measurements.  Normalization lines are red.  
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Collectively, the modular approach to the fabrication of RNA Boolean logic gates based 

on light-up RNA aptamers was demonstrated. All designed gates produced the expected OFF or 

ON values corresponding to low or high fluorescence intensity at max = 650 nm, respectively, in 

response to DNA oligonucleotide inputs. A threshold value of fluorescence enhancement of 60% 

was chosen to distinguish the OFF (any value below 60%) and ON (any value above 60%) states.  

Various concentrations of RNA molecular gates, inputs, and MG dye in solution were explored, 

with those yielding the greatest difference in fluorescence between output = 0 and output = 1 

reported here. The extent to which these modular RNA logic gates can be used to probe three or 

more inputs simultaneously will depend on their reliability in tandem.  

 

II. Implementing logic gates to construct a half-adder logic circuit. 

Based on the aforementioned results, we next integrated two different fluorescent binding 

RNA aptamers: (i) the MG RNA aptamer and (ii) the recently developed Broccoli RNA aptamer 

that binds DFHBI dye (59) within one RNA complex. As a key building block, the half adder is 

used to construct more advanced computational circuits and is in high demand in 

informational technology(70). The representative secondary structure of this complex is 

demonstrated in Figure 3.4. The differences in the emission properties of these two fluorogens 

(MG emits in the “Red” region while DFHBI in the “Green” region in visible spectra range) 

were implemented to construct a half-adder logic circuit component. The half adder circuit is a 

primary step in constructing a full adder, a more complex arithmetic unit of computation.  RNA 

sequences underwent polymerase chain reactions for amplification, followed by a T7 RNA 

polymerase transcription and purification using denaturing PAGE techniques. Agarose gel 

electrophoresis was used to evaluate these results for the strands designed for the half adder 
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complex, in which these logic gate sequences were adapted to the square nanoparticle (see 

Figures 2.1 and 2.2).   

 

 

 

 

 

Figure 3.4: Schematic diagram of half adder assembly. Broccoli RNA aptamer regions are 

colored in green, while malachite green aptamers are in red color. 

 

   

The half adder is composed of AND gates, which uses the MG binding light-up RNA 

aptamer, and XOR (eXclusive OR) gates based on DFHBI binding broccoli light-up RNA 

aptamer(59). The fluorescent intensity was measured in solution using fluorescent spectroscopy 

with excitation wavelengths of λex/em = 465/510 nm (corresponding to XOR gate) and λex/em = 

615/650 nm (corresponding to the AND gate). These gates were rationally designed to use two 

ssDNA inputs to output two fluorescence signals, SUM (em=650 nm) and CARRY (em=510 

nm), generated by AND and XOR gates respectively (Figure 3.5A). Both the MG RNA aptamer 

and Broccoli RNA aptamers were incorporated on alternating vertices to a previously developed 

RNA tetragon nanoparticle; the conformation of the assembled RNA tetragonal geometric 

nanoparticle was tested by gel electrophoresis (Figure 3.6) and confirmed by atomic force 

microscopy, with size determination completed using dynamic light scattering (Figure 3.5B). 

Comparing AFM images of half adder and the control RNA square, it is clear that the extensions 
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are present in the designed RNA half adder (Figure 3.5C). The size of the nanoparticle also 

increases from 15 nm to approximately 35 nm, with the addition of the RNA aptamers.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Implementation principle of the developed half adder. A) The secondary structure of 

the RNA complex, based on MG and BR RNA aptamer conformations, fused to a tetragonal 

nano-scaffold. B) Representative AFM images of the RNA half adder (bar scale = 100 nm) and 

DLS data showing average size of the complex. C) AFM and DLS data for control RNA 

tetragonal nanoparticle.  
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Figure 3.6. Half adder assembly assays evaluated by (A) 3% agarose gel and (B) 7 % native 

PAGE.  
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After confirming size and shape, spectroscopy was utilized to determine the stability of 

the nanoparticles in solution and to determine what is referred to as the melting points. These 

melting points correspond to the point at which half of the RNA is denatured and nitrogenous 

bases are exposed. UV-absorbance of the entire nanoparticle complex (RNA strands + DNA 

inhibitors present) was measured at temperatures increasing from 20°C to 90°C, producing a 

melting curve (Figure 3.7). Dye presence was manipulated, to test whether addition of dye to the 

complex increases stability of the nanoparticles.  Although inhibitors are present, fluorescence is 

not fully inhibited, as shown by fluorescence experiments.   This indicates that the dye is still 

binding in some cases to the RNA aptamers, allowing fluorescence to be emitted.  

 

 

 

 

 

 

 

 

Figure 3.7: UV-melting Graph depicting absorbance at 260 nm of nanoparticles in solution, 

utilizing UV-Vis thermal denaturation procedures.  
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               Results of the UV-melting curve indicate two transitions, resulting in two melting 

points. Both nanoparticles with and without the presence of dye show a melting point of 39 ± 1 

°C. The second melting point of the nanoparticles in the presence of dye was 85 ± 1 °C, while 

nanoparticles excluding dye had a melting point of 76 ± 1 °C. This 9 ± 1 °C increase in melting 

temperature can be explained by the presence of the RNA aptamer-dye complexes at 

equilibrium, as the addition of the dye stabilizes the aptamers secondary structure.  

             Fluorescence intensity of these light-up aptamers is dependent on the stability of RNA 

polynucleotides in solution. As fluorescence intensity of the dyes alone are shown to be 

negligible, in comparison to the dyes in complex with the RNA aptamers (Figure 3.8) 

degradation of the aptamer-dye complex is dependent upon the disruption of this entire RNA 

model. Due to RNA self-hydrolysis causing degradation of the aptamer, depletion of 

fluorescence intensity is dependent upon the degradation rate enabling to calculate a half-life 

time of the half adder. To test this, we conducted experiment where the sample florescence 

emissions of both RNA aptamers were recorded as a function of time. Figure 3.9 demonstrates 

the results of this experiment, in which we see a stark increase in fluorescence to 17,500,000 

fluorescence units for the AND gate and 1,750,000 fluorescence units for the XOR gate. The 

half-life of the RNA complex at emission maxima of 510 nm (corresponding to the broccoli 

aptamer/XOR gate) was found to be 11.65 hours and half-life time at 650 nm (corresponding to 

the MG aptamer/AND gate) was found to be approximately 8.84 hours. This corresponds to the 

MG aptamer degrading at a rate 1.5 times faster than the broccoli aptamer.  
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Figure 3.8. Emission spectra of A) DFHBI dye in solution (blue) and DFHBI dye in complex 

with the broccoli RNA aptamer (green) and B) triphenylmethane dye in solution (blue) and in 

conjunction with the malachite green RNA aptamer (red).  

 

Figure 3.9: Normalized graphs depicting the photobleaching experiment (degradation) of the 

RNA model. 

 

To realize AND and XOR logic operations using the same two ssDNA inputs additional 

DNA inhibitor strands were utilized, as well as computer software mentioned in the Materials 

and Methods, to predict strand displacement (Figure 3.10). The Broccoli RNA aptamer was 

designed to act as a XOR gate. To maintain the proper XOR gate function, an inhibitor DNA 
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strand was designed (XOR_DNA inhibitor).  The inhibitor binds to the aptamer, disrupting the 

binding of DFHBI to its aptamer and thus diminishing fluorescence in the presence of neither 

input to below 40%. Here the normalized value for 100% is taken as the emission values of the 

nanoparticles in complex with both dyes, with the emission value of the dyes in solution being 

utilized as 0%.   This XOR_DNA inhibitor contains two loops regions on either side of the 

aptamer. These internal loops contain 8 unpaired nts and were designed to complement the 

ssDNA inputs (Appendix Figure A5). The addition of either ssDNA destabilizes the RNA 

aptamer-inhibitor complex, separating the strands enough to reform the functional RNA aptamer 

shape, allowing a (1-0) or (0-1) truth values to emit a fluorescence output of (1), at 79% and 

91%, respectively (Figure 3.10A) (Appendix Figure A6). However, in the presence of both 

inputs, fluorescence is once again inhibited because the hybridization of input a and b: is favored 

over the hybridization of input a or b with the XOR_DNA inhibitor. To achieve this, inputs a and 

b were designed to bind more competitively to one another than to the XOR_DNA inhibitor, 

through 17 “sticky” nts at the 5’ end of input a and 3’ end of input b (Appendix Table A1). 

Therefore, the XOR_DNA inhibitor stays bound to the RNA aptamer, yielding a low output 

signal from the fluorogenic aptamer (below 61%). The XOR logic operation performs the SUM 

digit function in the half adder as shown in the Truth Table (Figure 3.10B). Figure 3.9C shows 

the normalized fluorescence intensity of the designed XOR system at a 510 nm output readout, in 

response to the ssDNA inputs. The presence of each input is defined as “1” (the absence is 

considered “0”) and the output signal is defined as “1” or “0,” when the normalized fluorescence 

emission is higher or lower than 61%, respectively. The system exhibits “1” in the presence of 

the individual inputs; otherwise, it remains ‘0’.  
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Figure 3.10: Design principles of the RNA AND and XOR gates, using inhibitor DNA strands. 

A) Predicted secondary structures of the nucleic acid displacement reactions of the XOR and 

AND gates. B) The truth table of a half adder and the normalized fluorescence intensities of the 

system at 510 nm and 650 nm as a function of the various inputs (inputs A and B). C) Raw 

fluorescence data. Normalized lines drawn in accordance with gate label color.    

The AND logic operation of the half adder was designed utilizing the fluorescent 

properties of the MG binding RNA aptamer system as the output signal. Similar to the approach 
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taken in creation of the XOR gate, an AND DNA inhibitor (AND_DNA) was used to disrupt the 

RNA aptamer conformation and inhibit fluorescence below 20% of the normalized value. The 

AND gate has an output of (0) in the absence (0-0) or presence of only one of the inputs (1-0 or 

0-1). As the inputs are the same for those of the broccoli XOR gate, it is critical for the 

AND_DNA inhibitor to complementary to the previously designed inputs. For this purpose, the 

AND_DNA inhibitor was designed to contain “sticky” nts at the 5’ and 3’ ends. These “sticky” 

nts are complementary to the ssDNA inputs. The addition of either input causes only a partial 

displacement of the AND_DNA inhibitor from the light-up RNA aptamer, resulting in the low 

output values under 61% (Figure 3.10B).  In the presence of both inputs fluorescence increases 

significantly to 85% (ON state). This was accomplished through disassociation of the 

AND_DNA inhibitor from the AND logic system. The designed AND_DNA inhibitor and 

ssDNA inputs form a three stranded DNA complex more competitively than any other DNA-

DNA-RNA complex and enable successful separation from the RNA light-up aptamer.  The 

lower panel of Figure 3.10A summarizes the 2° structures computed for the AND logic system in 

presence and absence of the ssDNA inputs (Appendix Figure A6).  The normalized fluorescent 

intensities of the system at 650 nm as a function of the inputs are plotted in Figure 3.10, 

indicating that the system exhibits ‘1’ only when both inputs coexist, a feature characteristic of 

an AND logic gate. The AND logic gate is responsible for the CARRY digit function in the half 

adder, as shown in the truth table in Figure 3.10B. The AND and the XOR gates were 

implemented in parallel, utilizing light-up RNA aptamers as a label free fluorogenic platform. To 

conclude, both gates were triggered by the same set of inputs, satisfying the requirements for a 

half adder (71).   
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Сonclusion 

Molecular logic gates hold substantial potential for a wide range of biotechnological applications 

including gene expression regulation, biosensing, therapeutic molecular design, metabolic 

reprogramming, studies of drug-nucleic acid interactions, and tools for elucidating cellular functions. 

The emergence of RNA nanotechnology offers great opportunities for applications of RNA-based 

logic gates. In this study, we have used a computational approach to design various oligonucleotide-

responsive RNA logic gates AND, OR, NAND and NOR, based on the MG binding RNA aptamer. 

The structures of the four logic gates were designed based on the general 2° architecture depicted in 

Figure 3.1 and functioned as robust RNA switches that exhibited fluorescence emission once 

activated.  The design process used here accounts for the thermodynamic stability of various base-

paired structures in the absence or presence of input oligonucleotides. This functional design was 

possible due to the principles of nucleic acid secondary structure folding (largely following the simple 

rules of Watson-Crick base pairing). In addition, a half adder was successfully demonstrated by 

combining the hybridization and replacement of ssDNA strands. Specifically, introducing two 

light-up RNA aptamers (MG and Broccoli) into a half adder system to modulate the output 

signal makes it flexible, enabling the potential design of various other types of logic gates, 

according to the requirements of the data processing. Although the developed individual logic 

gates and half adder are implemented in an experimental stage and exclusively in vitro, the 

demonstrated system presents immense potential of the development of RNA-based logic 

circuits in vivo. To summarize, this work provides a novel light-up RNA aptamer-based 

platform for the design and assembly of higher-order circuits for arithmetic operations and 

opens possibility to develop a new approach for constructing multicomponent devices on a 

single biomolecular nano-platform. 
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APPENDIX 

 

Figure A1. Representative 2% agarose gel electrophoresis of purified DNA products.  Lanes:  

Low MW ladder is DNA ladder (New England Biolabs); Control is the negative control for PCR 

reaction; dS1 is 103 bp DNA template to synthesize central RNA in the square design; MB2 and 

MB4 are approximately the same nucleotide length (154 and 155 nucleotides, respectively), as 

are MB3 and MB5 (144 and 142 nucleotides, respectively).  As MB3 and MB5 are 

approximately 10 nucleotides shorter than MB2 and MB4, these strands migrated slightly further 

on the gel. This indicates successful DNA amplification of these strands.  

 

 

 

 

 

 

 

Figure A2. This 2% agarose gel confirms successful purification of RNA strands.  The control 

contained no polymerase, again, which is indicated by no banding. The strands moved according 

to their respective sizes. Here, purified RNA strands with multiple bands indicates some sort of 

contamination during PCR or transcription reactions.  
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 Table A1. Nucleotide sequences used to create various logic gates and half adder. 

 
Name Sequence 5’- 3’ 

RNA AND/OR gate GGUUUCAACCUUUGCAAACAUGCUUUGGAUGGUAACGAAUGACCAGCCCGAAAGGGCUGGUCCGACAUCCUUUGGGAAAUCC
UUUGGGUGCCGUUU 

DNA AND_input A GTTTGCAAAGGTTGA(15 nt) 

DNA AND_input B AAACAGCGTCCAGAGGAT(18 nt) 

DNA OR_input A GCATGTTTGCAAAGGTTGAAA (21 nt) 

DNA OR_input B AAACGGCGTCCAAAGGATTTCCC (22 nt) 

RNA NAND/NOR gate GGUUUGCAAACAUGCUUUGGAUGGUAACGAAUGACCAGCCCGAAAGGGCUGGUCCGACAUCCUUUGGGAAAUCCUUU 

DNA NAND_input A ATAAAGCATGTTTGC (15 nt) 

DNA NAND input B TTGATTTCCCAAAGT (15 nt) 

DNA NOR_input A CCATCCAAAGCATGTTTGCAAA (22nt) 

DNA NOR_input B AAAGGATTTCCCAAAGGATGTCGGACC (27 nt) 

MB4 

 

GGUGCCCGCUGACCGGAGACGGUCAAAUAGAGCACAGGAUGGUAACGAAUGACCA 

GCCCGAGGUCGCGACCUUCUUUUCCCUCGCGACUCGAAAUGUUUCUUUUCGAGGUCGCCCCGUA

UCUGUCGAGUAGAGUGUGGGCUCGCACGCGGCTGCC (155 nt) 

MB3 

 

GGCGGCTGCCGCGCAGAGACGGUCGGGUCCAGAUAUUGGAUCUUUCGCCUUUUCGCGAUACGG

GCCAACGAUGGGUUUUGAAGGUCGCGACAAGGGCUGGTCCGACAUCCCACA CAAATAGAGT 

GTGGGCCGAG CAGCGGCACC (144 nt) 

MB4 GGUGCCCGCUGACCGGAGACGGUCAAAUAGAGCACAGGAUGGUAACGAAUGACCA 

GCCCGAGGGCGACCUCGUUUUGUACCAGCAUCCUCUUCAUAAGUUUUGGCGAAAGAUCCCGUAU

CUGUCGAGUAGAGUGUGGGCUCGCACGCGGCUGCC (154 nt) 

MB5 

 

GGCGGCUGCCGCGCAGAGACGGUCGGGUCCAGAUAUUGGGCGACCUCGUUUUCCGGGAUAUG

GUCUCGGCCAACUUUUCGAGGUCGCCCAAGGGCUGGUCCGACAUCCCACA 

CAAAUAGAGUGUGGGCCGAGCAGCGGCAGC (142 nt) 

rS1 GGAUGCUGGUACUUUUGUUGGCCGAGACCAUAUCCCGGUUUUGAAACAUUUCGAGUCGCGAGG

GUUUUCCCAUCGUUGGCCCGUAUCGCGUUUUCUUAUGAAGA (103 nt) 

AND_DNA Inhibitor 

 

ATAACAGCGCGTAGGGCCACGCTGCCGCTGCTCGGCCCACACTCTATTTGACCG 

GGATGTCGGACCAGCTGGTCATTCCTTACCATCCCACACTCTATTTGACCGTCTCC 

GGTCAGCGGGCAGGCGAGCCCTACGCGCTGTTAT (144 nt) 

XOR_ DNA Inhibitor 

 
GGCAGCCGCGUGUGCCGCUGGCUCGGCCACACUCUAUUUGACCGUCCGGUGCGAGCU

GCGCGGCGAGCCCUA (72 nt) 
Input a_5’ INPUT 

 

ATAACAGCGGCTAGGCTCGCCGGCCCGCTGACCGGAGACGGTCAAATAGAGTGTG(56 nt) 

Input b_3’ INPUT 

 

CGGTCAAATAGAGTGTGGGCCGAGCAGCGGCAGCGTGGCCCTACGCGCTGTTAT (54 nt) 
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Table A2. DNA primer sequences, used for half adder sequences, as well as 5’ and 3’ 

oligonucleotides used as inputs for the half adder.  

Name Sequence 5’- 3’ 

SQR_MG_BRO_FWDrT2

4  

TAATACGACTCACTATA GGTGCCCGCT GACCGGAGAC GGTCAAATAG AGCACAGGAT GG 

SQR_MG_BRO_REVrT2

4 

 

GGCAGCCGCG TGCGAGCCCA CACTCTACTC GACAGATACG G 

 

SQR_MG_BRO_rT2IN1 

 

CGCGAGGGAAAAGAAGGTCGCGACCTCGGGCTGGTCATTCGTTACCATCCTGTGCTCTAT 

SQR_MG_BRO_rT2IN2 

 

CTTCTTTTCC CTCGCGACTC GAAATGTTTC TTTTCGAGGT CGCCCCGTAT CTGTCGAGTA 

 

SQR_MG_BRO_rT4IN1 

 

CTGGTACAAAAC GAGGTCGCCCTC GGGCTGGTCATT CGTTACCATCCT GTGCTCTATTTG 

SQR_MG_BRO_rT4IN2 

 

CTCGTTTTGTACCAGCATCCTCTTCATAAGTTTTGGCGAAAGATCC CGTATCTGTCGAGT 

SQR_MG_BRO_FWDrT3

5 

TAATACGACTCACTATA GGCGGCTGCCGCGCAGAGACGGTCGGGTCCAGATATT GG 

 

SQR_MG_BRO_REVrT3

5 

 

GGTGCCGCTG CTCGGCCCAC ACTCTATTTG TGTGGGATGT CGGACCAGCC CTTG 

SQR_MG_BRO_rT3IN1  

 

CCATCGTTGG CCCGTATCGC GAAAAGGCGA AAGATCCAAT ATCTGGACCC 

SQR_MG_BRO_rT3IN2  

 

ACGGGCCAACGATGGGTTTTGAAGGTCGCGACAAGGGCTGGTCCGAC 

 

SQR_MG_BRO_rS5IN1 

 

TTGGCCGAGA CCATATCCCG GAAAACGAGG TCGCCCAATA TCTGGACCCGA  

SQR_MG_BRO_rS5IN2 

 

GGGATATGGTCTCGGCCAACTTTTCGAGGTCGCCC AAGGGCTGGTCCGACATC 

  

rS1 FWD GGATGCTGGT ACTTTTGTTG GCCGAGACCA TATCCCGGTT TTGAAACATT TCGAGTCGCG 

 

rS1 REV TCTTCATAAG AAAACGCGAT ACGGGCCAAC GATGGGAAAA CCCTCGCGAC TCGAAATGTT 
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Figure A3. Secondary structures of designed AND/OR (left) and NAND/NOR (right) gates 

predicted by Mfold and NUPACK. The 2D structure of the MG aptamer region is highlighted by 

the red rectangle. 
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Figure A4. The 2D structure equilibrium probability of the designed AND, OR, NAND, and 

NOR gate complexes, from NUPACK, with and without inputs, and their corresponding 

fluorescence intensities. The 2D structure order is as follows: 0-0, 1-0, 0-1, and 1-1.   
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Figure A5. The 2D structure equilibrium probability of XOR logic gate complexes, according to 

Mfold and NUPACK computer programs.  
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A.  

B.  

Figure A6. The 2D structure equilibrium probability of the designed A) AND and B) XOR logic 

gate complexes, with inhibitors present, and both with and without inputs, and their 

corresponding fluorescence intensities. 

 

 

 

 

 

 

 

 

 


