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Abstract 

 Aptamers are short single-stranded DNA or RNA molecules that are selected to bind a 

target often with high affinity and specificity. Some of these targets include small molecules, 

proteins, nucleic acids, cells and tissues. Isothermal Titration Calorimetry (ITC) and 

Fluorescence Spectrometry were employed to characterize the binding interactions of aptamers 

with their ligands. This dissertation comprises two separate research projects; in the first project, 

ITC was used to explore how the binding affinity of structure-switching aptamers toward their 

ligand varies when altering the NaCl concentration. It was shown that the binding affinity of 

MN19, a variant of the cocaine-binding aptamer, decreases when the NaCl concentration is 

increased from 140 mM to 1000 mM. The affinity increases again when the NaCl concentration 

is increased to 2000 mM. 

 The next project showcases the use of fluorescence spectrometry to characterize the 

interactions of methylene blue with different aptamers. Methylene blue is a redox-reporter which 

is used in Electrochemical aptamer-based biosensing platforms. It was shown that methylene 

blue binds to the MN19 aptamer, and therefore, it was of interest to see if methylene blue binds 

to other aptamers and to explore any similarities in their aptamer structures. Fluorescence 

spectrometry was used to see if methylene blue binds to other aptamers by measuring the change 

in fluorescence intensity of methylene blue and if binding occurred, the binding affinity was 

quantified. It was determined that methylene blue may be interacting and binding tightly to DNA 

aptamer structures which includes bulges and stem-loops but may be binding very weakly to 

duplex DNA such as the Dickerson Drew Dodecamer and a Hexamer.  
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Chapter 1. Background and Introduction 

 

Introduction to Aptamers 

Deoxyribonucleic acid (DNA) is one of the most significant molecules within cells of 

living organisms. It contains genetic information that is read in cells to be transcribed into 

messenger RNA (mRNA), which is then translated into proteins necessary for living things to 

function and survive.1 A common structure of DNA, the double helix, helps this information to 

be replicated and passed onto future generations. Nucleic acids can be arranged in various ways, 

each with its own unique structure and function. Aptamers are a class of nucleic acids that can 

fold into unique three-dimensional structures.2 Aptamers are short single-stranded DNA or RNA 

molecules that can bind to a target often with high affinities and specificities. Some include small 

molecules, proteins, nucleic acids, cells and tissues.3  

Regardless of the similarity between their nucleic acid structures, DNA and RNA 

aptamers exhibit noticeable differences. DNA nucleotides have a C-H bond in the 2ô position of 

the deoxyribose sugar while RNA nucleotides have a hydroxyl group (-OH) in the 2ô position of 

its ribose sugar.4 This significant difference makes DNA aptamers possess an advantage over 

RNA aptamers with regards to stability. This is because the C-H bond at the 2ô position of DNA 

makes the DNA aptamer less reactive while the -OH group at the 2ô position of RNA is 

susceptible to hydrolysis, making the RNA aptamer unstable.4 To elaborate, the 2ôOH group 

performs a nucleophilic attack on the phosphodiester bond, causing a breakage in RNA strands at 

the P-O 5ô ester bond, which is catalyzed by the nucleases enzyme.5 Therefore, modifications 

such as removing the -OH group at this position can prevent the RNA from undergoing cleavage 

by nucleases which can eventually help the RNA aptamer become more stable as the DNA 

aptamer. Furthermore, chemical modifications can be made to nucleic acid libraries such as in 

SELEX which can enhance the ability of aptamers to interact with their target and broaden their 

target spectrum.6 

SELEX 

 The aptamers that we work with in our lab are selected in a process called Systemic 

Evolution of Ligands by Exponential enrichment (SELEX). This process was developed 
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independently in 1990 by two research laboratories, the Gold and Szostak groups.7 Tuerk and 

Gold were using SELEX to have an RNA sequence bind a T4 DNA Polymerase.8 On the other 

hand, Ellington and Szostak used this in vitro selection method to have RNA sequences that can 

bind to a variety of organic dyes from a population of random sequence RNA molecules.9 Using 

this method, they isolated aptamer sequences that can bind their target of interest.  

Standard SELEX 

The first SELEX method, Standard or Classical SELEX, begins with a selection stage where a 

large diverse oligonucleotide library is created with predesigned primer-binding domains for 

Polymerase Chain Reaction (PCR) amplification as shown in Figure 1.7 Step 1 shows the 

incubation of this library with a target of interest. Some sequences bind to the target whereas 

some sequences do not. Step 2 shows that the unbound sequences are removed and separated 

from the ones that do demonstrate binding for the target, allowing the completion of the 

partitioning phase. Step 3 shows that the bound sequences are eluted from the target. Step 4 

shows the amplification stage where the bound sequences are collected and PCR is performed for 

several rounds for enrichment of sequences.7 These stages are repeated until the library that was 

initially started with, turns into a collection of sequences that demonstrate affinity for the target 

of interest. This collection is then cloned and sequenced (Figure 1). 
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Figure 1. Diagram of the standard SELEX procedure.  

Capture-SELEX 

 A derivative of the original SELEX method can be classified as Capture-SELEX. This 

process is almost like Standard SELEX with a few exceptions. This process starts with the 

hybridization of a single-stranded DNA (ssDNA) library with biotinylated capture-

oligonucleotides.10 This is done by having a docking site on the ssDNA that has complementarity 

to the capture-oligonucleotide which then hybridizes through Watson-Crick base-pairing. 

Another step involves immobilizing the biotinylated hybridized oligonucleotides onto 

streptavidin magnetic beads which act as a form of solid support. Using a magnetic rack, these 

beads are then washed multiple times to remove any residual or non-specific sequences. Counter-

selection is performed to identify and remove any non-specific targets that may bind to the 

library.10 Positive selection is then conducted to detect any binding interactions of the aptamer 

with the target molecule. The elution step is then performed to isolate the aptamer-target 

complexes, ideally possessing higher binding affinities compared to the capture-oligonucleotide 

aptamer complexes. PCR amplification is then performed on this eluted ssDNA library for 

enrichment of sequences. The ssDNA library is regenerated to conduct Capture-SELEX for 
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multiple rounds. Finally, aptamer sequences are identified with sequencing after multiple rounds 

of Capture-SELEX have been conducted.10 

Aptamer Structure 

 DNA is composed of nucleotides, each containing a deoxyribose pentose sugar, 

nitrogenous base and phosphate group. These nucleotides commonly form a double-stranded 

helical structure with antiparallel strands.1 Watson-Crick base-pairing stabilizes this DNA 

structure through hydrogen bonding between adenine and thymine, and cytosine and guanine 

nitrogenous bases (Figure 2).1 The double-helix structure features major and minor grooves due 

to uneven spacing of opposing nucleotides along the helical axis, with the sugar-phosphate 

backbone on the outside of the double-helix while the nitrogenous bases are in the middle of the 

double-helix.1  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Watson-Crick base-pairs: A) Adenine-Thymine; B) Guanine-Cytosine. The base marked with an A is 

Adenine; T is Thymine; G is Guanine; C is Cytosine.  

A) 

B) 
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Different DNA sequences can be used to design a variety of aptamers. Furthermore, 

unique secondary structures can be seen because of aptamer folding and some of these structures 

include but are not limited to a stem, loop or a bulge.11-12 These structures play a crucial role in 

target recognition and any interference with these structures can impair binding. A bulge-hairpin 

secondary structure motif was shown with streptavidin-binding DNA aptamers that were isolated 

from different libraries from different laboratories. In addition, nucleotides important for binding 

in the loop and bulge area were identified in high affinity sequences.11 Therefore, if nucleotides 

vary from the ones observed in this region, it may or may not affect the binding affinity towards 

its target. Illustrations of some of the mentioned secondary structures are seen in Figure 3 for a 

couple of aptamers. Figure 3A shows Caff209, a variant of the caffeine-binding aptamer, 

containing a stem-loop structure in its predicted secondary structure. Figure 3B shows MTX5, a 

version of the methotrexate-binding aptamer, containing a bulge structure in its predicted 

secondary structure. In addition, secondary structures can fold into three-dimensional 

conformations. With the use of -́ˊ stacking interactions and hydrogen bonding among 

nucleotides, electrostatic repulsion is mitigated when folding into three-dimensional structures.12  

 

 

 

 

 

 

 

Figure 3. Illustrations of some of the secondary structures seen for aptamers. (A) shows Caff209, a variant of the 

caffeine-binding aptamer and it contains a stem-loop structure in its predicted secondary structure. (B) shows 

MTX5, a version of the methotrexate-binding aptamer and it contains a bulge structure in its predicted secondary 

structure.  

A) B) 
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The Cocaine-Binding Aptamer 

 The cocaine-binding aptamer is a well-behaved DNA aptamer where its structure consists 

of three stems organized around a three-way junction. In 2000, Stojanoviĺ et al. selected the first 

cocaine-binding aptamer, MNS4.1, through standard SELEX.13 The secondary structure of 

MNS4.1 was determined through mutational analyses that include both random and targeted 

mutations.13 The aptamer contains 38 nucleotides which are predominantly connected through 

Watson-Crick base-pairing. There are 5 non-Watson-Crick base-pairs: 3 GA base-pairs observed 

in stem 1 and 1 GT and 1 GA base-pair observed in stem 3. The cocaine-binding site on the 

aptamer is located within the lipophilic cavity, formed at the three-way junction. Figure 4 shows 

that in the free state of the aptamer where no cocaine is present, stem 3 is not formed. However, 

upon addition of cocaine, the stem is assembled and aids in the formation of the aptamerôs three-

way junction structure. It was also found that the aptamer binds to cocaine with a Kd range of 

0.4-10 µM.13   

 

Figure 4. Binding mechanism of the MNS4.1 aptamer. In the free state, stem 3 is not formed. Upon cocaine binding, 

stem 3 folds to form the three-way junction. The blue oval in the bound state represents cocaine binding at the 

ligand-binding site located at the three-way junction of the aptamer. Dashed lines represent Watson-Crick base-pairs 

and black dots represent non-Watson-Crick base-pairs on the secondary structure of the aptamer in the free and 

bound states.  

 The cocaine-binding aptamer continues to be extensively studied for the purposes of 

small-molecule sensing as it was found that the aptamer binds to quinine and quinine analogs 

tighter than the ligand it was originally selected for.14 Variants of this aptamer have been 
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demonstrated to bind quinine approximately 30-fold tighter than cocaine and one of these is 

identified as MN4, a commonly studied variant of the cocaine-binding aptamer in our lab.15 

When looking at Figure 5, this aptamer consists of 36 nucleotides and the secondary structure is 

pre-formed in the free-state. With the addition of ligand, there are no observable changes in its 

secondary structure which shows that this aptamer variant has no structure-switching folding 

mechanism upon binding.14 However, another variant of the cocaine-binding aptamer was 

identified as MN19 and was constructed by shortening the stem 1 of MN4 to three base-pairs. By 

doing so, it is observed that the aptamer is loosely folded in the free-state and upon binding 

ligand, a structure-switching folding mechanism is observed (Figure 6).14 NMR studies confirm 

that the stem 2 and 3 in the free-state in the aptamer are formed while stem 1 is not.16 Figure 6 

shows that upon ligand addition, the base-pairs in stem 1 start to form and the structure is 

rigidified. This ligand-induced folding mechanism was seen for both cocaine and quinine 

binding. Therefore, the key difference seen in this comparison is that MN4 is a non-structure-

switching aptamer and MN19 is a structure-switching aptamer.  

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5. Binding mechanism of the MN4 aptamer. In the free state, the aptamer has a preformed structure. Upon 

ligand binding, there is no change in its structure. The blue oval represents quinine which binds at the ligand-binding 

site. Dashed lines represent Watson-Crick base-pairs and black dots represent non-Watson-Crick base-pairs on the 

secondary structure of the aptamer in the free and bound states. 
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Figure 6. Binding mechanism of the MN19 aptamer. In the free state, the aptamer is loosely folded or unfolded. 

Upon ligand binding, the stem 1 forms to have a rigidified structure of the aptamer. The blue oval represents quinine 

which binds at the ligand-binding site. Dashed lines represent Watson-Crick base-pairs and black dots represent non-

Watson-Crick base-pairs on the secondary structure of the aptamer in the free and bound states. 

Aptamer Applications 

The application of aptamers as therapeutic or diagnostic agents in environmental or 

clinical settings has been discussed by Yang Zhang et al. This includes monitoring food safety, 

environmental contamination, cancer detection and recognition of stem cell markers.17 Aptamers 

are capable of monitoring and reducing environmental pollutants and the illnesses associated 

with them. Some pollutants include antibiotics, heavy metals, toxins, and pathogens which can 

affect the nervous, endocrine and reproductive systems.17 Antibiotics that are administered to 

farm animals can build up in their tissues and can be transmitted to humans during the 

consumption of said animal. To tackle this problem, aptamers have been created to target 

antibiotics such as chloramphenicol and tetracycline.17  

The development of timely and reliable aptamers for cancer diagnosis and treatment is 

also important. Wu et al. have developed a truncated DNA aptamer referred to as XQ-2d which 

was selected for pancreatic ductal adenocarcinoma (PDAC) with high affinity and specificity.18 

The aptamer specifically binds to PL45 cells with a binding affinity in the nanomolar range. This 
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was determined by the aptamerôs ability to recognize PL45 tumour cells in mice. The aptamer 

also demonstrates an improved recognition ratio for 40 tissue sections of clinical PDAC samples 

when compared to the library initially started with in cell-SELEX selection.18 This shows how 

this aptamer can be a potential candidate that can aid in the diagnosis and treatment of PDAC.  

Aptamers also have been employed for the recognition of stem cell markers. Some 

comprehensive studies have been done which have identified several cell surface molecules on 

embryonic stem cells.19 Some molecules are significant as they help characterize cellular 

phenotypes and help regulate the differentiation state. Aptamers have been isolated that can 

differentiate between mouse embryonic cells from differentiated mouse cell lines and monitor 

the differentiation process of these stem cells.19 Thus, these aptamers can be promising for the 

development of molecular probes.  

Electrochemical aptamer-based (E-AB) biosensors are another promising application of 

aptamers. They can be used to monitor molecules directly in undiluted complex matrices, such as 

plasma, serum and other bodily fluids, and in the body with efforts of overcoming barriers in 

personalized medicine.20 The E-AB sensing platform depends on a redox-reporter, methylene 

blue, which is modified onto an aptamer that is then attached to a gold electrode surface through 

thiol chemistry. The electrochemical signal produced from this platform occurs from the aptamer 

undergoing a conformational change when ligand binding occurs, moving methylene blue closer 

to the electrode surface and therefore, altering its electron transfer rates. However, it was found 

that with the MN19 aptamer, the signal generated from this platform relies on a redox-reporter-

ligand competition mechanism.20 As seen in Figure 7, methylene blue is covalently attached to 

MN19 on its 3ô end and it binds at or near the ligand binding site on the aptamer. This results in a 

folded conformation of the aptamer. When cocaine is added, it competes with the bound 

methylene blue and displaces it from the binding site, changing its distance from the electrode 

surface and therefore, altering its electron transfer rates (Figure 7). 
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Figure 7. Schematic representation of the E-AB biosensing platform. Reprinted with permission from Dauphin-

Ducharme, P.; Churcher, Z.R.; Shoara, A.A.; Rabarimehr, E.; Slavkovic, S.; Fontaine, N.; Boisvert, O.; Johnson, P.E. 

Redox Reporter - Ligand Competition to Support Signaling in the Cocaine-Binding Electrochemical Aptamer-Based 

Biosensor. Chemistry. 2023, 29(35), e202300618. DOI:10.1002/chem.202300618. Copyright 2023 Wiley-VCH.  

 

Given the specific applications, it is important to highlight the properties of aptamers that 

offer advantages over antibodies and makes them more suitable for the mentioned applications. 

Aptamers are easily produced in a time and cost-efficient process, and they are generally more 

stable when compared to antibodies.21 Aptamers also can be produced without the requirement of 

an immune response. Since aptamers are chemically synthesized, they are easy to modify at any 

position of the nucleotide chain. Even though antibodies can also be chemically modified, 

targeted modifications are difficult to perform.21 Aptamers can also be selected for targets that 

antibodies cannot be selected for. For example, aptamers can be selected against toxic 

compounds that can kill an animal during the antibody production against the compound. 

Aptamers are also considered more thermally stable, as they can be easily restored back to their 

original state after unfolding at high temperatures and be repeatedly used. Lastly, aptamers are 

smaller in size, enhancing their ability for transport and tissue penetration but also makes them 

easy to filter out the renal system.21  

Nevertheless, understanding how aptamers function during binding interactions is 

important. By learning about how they function, it can provide insight if modifications can be 

made to optimize their binding abilities with their target. There are a wide range of techniques 
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that have been used to study these aptamer-target binding interactions such as gel and capillary 

electrophoresis, ultraviolet-visible (UV-Vis) absorption, circular dichroism, surface plasmon 

resonance, nuclear magnetic resonance (NMR), isothermal titration calorimetry (ITC) and 

fluorescence spectrometry.22  

Isothermal Titration Calorimetry  

 Isothermal Titration Calorimetry (ITC) is a technique used to study the thermodynamic 

properties of aptamer-ligand interactions. ITC can be performed under different solution 

conditions, and it also has the benefit of being a non-destructive label-free technique.23 Some 

properties that this technique provides us with are the stoichiometry of an interaction (n), 

equilibrium binding constants (Ka or Kd), enthalpy (æH) and entropy (æS). Figure 8A shows that 

in a typical ITC instrument, there are two cells placed in an adiabatic jacket where one cell is a 

reference cell and the other is a sample cell, where the aptamer is loaded.23 During an 

experiment, these two cells are maintained at a constant temperature. Ligand is loaded into a 

syringe which is then titrated into the sample cell in known aliquots. As ligand is gradually 

titrated into the aptamer, binding occurs as seen in Figure 8B. As a result of an exothermic 

binding event, the temperature of the sample cell increases when ligand is added. Because of 

this, the power being supplied to the heater surrounding the sample cell decreases to decrease the 

temperature of the sample cell and have it isothermal with the reference cell. This leads to 

obtaining exothermic peaks in the raw experimental data where each peak corresponds to a 

ligand injection as seen in Figure 8C.23 Positive peaks would be observed for an endothermic 

binding event. Many injections are performed and when the ligand binding sites on the aptamer 

become saturated, there will be a gradual decrease in the size of the peaks observed in the raw 

data until only heats of dilution of ligand are observed. Integration is performed on the power 

supplied per unit time to obtain the heat per mole of injectant in reference to the molar ratio.23 

Data fitting is then done on the integrated thermogram to obtain the thermodynamic parameters 

of the aptamer-ligand interaction such as binding affinity (Ka), enthalpy (ȹH), and stoichiometry 

(n). The sigmoidal-shaped curve in Figure 8C indicates that binding occurs between the cocaine-

binding aptamer and its target ligand.  
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Figure 8. Diagram of an ITC instrument. A) The temperature difference between the sample cell and the reference 

cell is represented by ȹT1. ȹT2 represents the temperature difference between the cell and the adiabatic jacket. These 

two values are supposed to be zero during an experiment. B) Illustration of binding occurring as the ligand is 

gradually injected into the ITC cell that contains the aptamer. C) An ITC thermogram showing the interaction 

occurring between the cocaine-binding aptamer and its corresponding target ligand. It provides thermodynamic 

binding parameters such as binding affinity (Ka), enthalpy (ȹH), and stoichiometry (n). (Figure taken from reference 

23) 

Fluorescence Spectrometry 

Fluorescence spectrometry is a sensitive technique that helps us understand aptamer-

small molecule interactions. The basis of this technique is the emission of photons from a 

substance following excitation from light absorption.24 These molecules emit lower energies of 

light (longer wavelengths) compared to the absorbed light due to vibrational energy levels. This 

process is called the Stokesô shift and is caused by a loss of energy in radioactive decay. This can 

be illustrated in a Jablonski diagram seen in Figure 9. A molecule is first seen at the ground state 

(S0) and when it can absorb a photon of sufficient energy, an electron moves to singlet excited 

states (S1 or S2) of higher energy, where it contains energy equal to the absorbed photon.24 

C) 
C) 

 

 
 

C) A) 

B) 
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Photoluminescence is used to describe the process when an electron emits a photon when going 

through relaxation to return to the ground state. There are two types of photoluminescence: 

fluorescence and phosphorescence.24 When an electron returns to the ground state from a singlet 

excited state, it emits energy in the form of photons which is referred to as fluorescence (Figure 

9). The decay time is from the order of 10ī10 s to 10ī7 s. Phosphorescence is when an electron 

transitions from the singlet excited state to a triplet state (T1) through intersystem crossing and 

then returns to the ground state. Because of a change in the electron spin, the phosphorescence 

time can be from 10ī6 s to seconds.24  

Figure 9. Schematic representation of the Jablonski Diagram.  

The fluorescence of a sample is measured using a fluorescence spectrometer. Figure 10 

shows a diagram of a typical fluorescence spectrometer. This instrument involves a sample cell 

that is excited by a xenon lamp at a known excitation wavelength, where the excitation incident 

light (ɚex) passes through an excitation slit.25 The fluorescence emissions are measured at 90° 

even though emissions from the sample are emitted in every direction. Polarizers can be used 

when the measurement of polarized fluorescence is of interest. Fluorescence emissions (ɚem) are 

detected and measured using the detector. Fluorescence intensities are then recorded from the 

generated spectrum (Figure 10). There are two types of fluorescence when it comes to aptamer-

ligand binding studies: intrinsic and extrinsic. Extrinsic fluorescence involves the addition of a 
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fluorescent or quencher label to an aptamer which may affect its structure.25 Intrinsic 

fluorescence is when a ligand has inherent fluorescent properties which can allow us to analyze 

the binding interaction between aptamer and ligand. One common method is to observe if there 

is ligand fluorescence quenching which can allow us to quantify the binding affinity of the 

aptamer for its ligand. A limitation of this technique is that the ligand chosen for a study must be 

intrinsically fluorescent.25 This means that only ligands that naturally emit fluorescence can be 

used in this study, limiting the choice of ligands to those with inherent fluorescence.  

 

Figure 10. Diagram of a fluorescence spectrometer. Going from left to right, a sample cell is excited by a xenon 

lamp at a known excitation wavelength (ɚex, blue line). The excitation incident light (Io) passes through an excitation 

slit. The fluorescence emission (ɚem, red line) is measured at 90°even though emissions from the sample are emitted 

in every direction (F). A polarizer is utilized when polarized fluorescence is measured. The spectra on the right 

shows how detected emission photons are multiplied and integrated in relation to received emission wavelengths. 

(Figure taken from reference 25) 

Nuclear Magnetic Resonance Spectroscopy 

 Nuclear Magnetic Resonance (NMR) spectroscopy is a method that can be employed to 

determine the three-dimensional structure of an aptamer both in the free state and ligand-bound 

state. In addition, NMR spectroscopy can be used to reveal the location of ligand-binding sites 

on an aptamer, investigate structural changes in an aptamer or its regions upon ligand binding 

and to assess dynamics and stability of an aptamer.26 In solution state NMR spectroscopy, the 

sample of interest is subjected to a strong magnetic field, allowing nuclei such as 1H, 13C, 15N, 
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and 31P to have a magnetic spin number ½. Nuclei will emit resonance signals at specific 

frequencies which vary based on their chemical composition and surrounding molecular 

environment. Furthermore, NMR is viewed as a non-destructive method that enables several 

experiments to be carried out on the same sample across different conditions. This can include 

temperature, ligand concentration and buffer conditions.26 Nevertheless, by tracing peaks of 

imino protons in 1D 1H experiments, information about ligand binding and aptamer stability can 

be obtained. Imino protons are valuable because their signals are found downfield at higher ppm 

values, such as seen in Figure 11, which are distinctly isolated from signals of other protons that 

are found in nucleic acids. Imino proton signals generally only appear when they are involved in 

hydrogen bonds such as seen in base-pairing. The position of these signals on an NMR spectrum 

depends on its chemical identity and surrounding environment.26 Imino protons can be found in 

both Watson-Crick and Non-Watson-Crick base-pairs. The signals from Watson-Crick base-pairs 

are the most downfield where they appear around 12-14 ppm. Guanine imino proton signals 

appear around 12-13 ppm and thymine or uracil imino proton signals appear around 13-14 ppm. 

Non-Watson-Crick base-pairs generally appear upfield of the signals from the Watson-Crick 

base-pairs around 10-12 ppm. Information such as structural elements of an aptamer both in the 

free and bound state can be obtained from an NMR spectrum after assignment of the imino 

resonances. Structures can include but are not limited to loops, stem lengths, and bulges. 

Assignments of peaks to individual bases can be done by analyzing a 2D NOESY experiment.26 
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Figure 11. 1D 1H-NMR spectrum of cocaine titrated into the cocaine-binding aptamer. The inset highlights the 

region that emphasizes the imino proton signals. The spectrum shows that cocaine is bound with the cocaine-binding 

aptamer. (Figure taken from reference 26) 

 

Thesis Project 

Previous work in the Johnson lab has investigated non-structure-switching aptamers as a 

function of NaCl concentration, such as with MN4, and have observed that as NaCl 

concentration is increased, the binding affinity of the aptamer for its ligand, quinine, decreases. 

However, binding studies have yet to be done with structure-switching aptamers as a function of 

NaCl concentration. The goal of this project is to analyze if this relationship is consistent and 

observe if structure-switching aptamers have a parallel relationship with non-structure-switching 

aptamers as a function of NaCl concentration. One assumption is that at low NaCl 

concentrations, binding affinity is favored because reduced shielding of charges would allow 

electrostatic interactions between the aptamer and ligand to occur more effectively. Also, at high 

NaCl concentrations, folding is favoured because increased shielding of charges would enhance 

aptamer folding upon ligand binding. Therefore, we would want to see how these two forces 

balance out each other during this study. The binding interaction between MN19 and quinine was 
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studied as a function of NaCl concentration, and this project was accomplished using isothermal 

titration calorimetry.  

 In E-AB biosensors, it was discussed that with MN19, the platform relies on a redox-

reporter-ligand competition mechanism where methylene blue binds to the aptamer and then gets 

displaced upon the addition of ligand. The goal of this project is to see if other aptamers bind 

methylene blue and if so, measure the binding affinity to quantify the binding. Additionally, 

investigating other aptamers that bind to methylene blue can provide insight on any similarities 

between structural motifs. This can help one understand what is required for the aptamer to bind 

effectively to methylene blue. This part of the project was accomplished using fluorescence 

spectrometry. 
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Chapter 2. Analyzing the Binding Affinity of 

Structure-Switching Aptamers as a Function of NaCl 

Concentration Using Isothermal Titration 

Calorimetry  

Introduction  

Many intermolecular forces contribute to the aptamer and target binding such as Van der 

Waals, hydrogen bonding and electrostatic interactions.27 The focus of this project was to 

examine the contribution of electrostatic forces towards aptamer and ligand binding. High ion 

concentrations produce a shielding effect between charged molecules present in solution. This 

effect was investigated by altering the NaCl content and tracking the changes in binding affinity. 

The high salt content would be expected to disrupt the electrostatic interaction between the 

phosphate backbone on the aptamer and the ligand. A study done by Hianik et al. has shown that 

increasing NaCl concentrations weakened binding between aptamers and thrombin and that this 

was likely because of the shielding effect of the Na+ ions.28 Another study done by Schmidt et al. 

which also involved multiple aptamers has shown that the binding got weaker for all aptamers 

toward their target when NaCl concentrations were increased.29 In a study done by Reinstein et 

al., they concluded that the affinity of MN4, a variant of the cocaine-binding aptamer, for 

quinine, increases when NaCl concentration decreases.15 The reason why quinine was chosen as 

the ligand instead of cocaine is because it was identified that the cocaine-binding aptamer binds 

quinine approximately 30-fold tighter. Thus, since the function of non-structure-switching 

aptamers has been studied under changing NaCl concentrations, binding studies were done with 

structure-switching aptamers chosen for my research to see if this relationship is consistent.  

 Structure-switching aptamers are unfolded or loosely folded when in the free-state and 

only become fully  structured when bound to their corresponding target ligand.13,16 With 

structure-switching aptamers, it can be anticipated that at low NaCl concentrations, binding 

affinity is favoured as there is less shielding of charges, allowing electrostatic interactions to take 

place. At high NaCl concentrations, folding should be favoured as high shielding of charges 

would occur due to the high ion content, allowing the aptamer to fold more easily by overcoming 

repulsion between like charges.   
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Therefore, the long-term objective of this project is to see how these two factors balance 

each other out in structure-switching aptamers binding their ligand as a function of NaCl 

concentration. This long-term objective was achieved alongside various short-term objectives. 

One of the short-term objectives was to analyze the binding affinity of the MN19 aptamer when 

binding quinine under NaCl concentrations of 140 mM-2000 mM. MN19 is another variant of 

the cocaine-binding aptamer, and it differs from MN4 because itôs 3 base-pairs shorter in its stem 

1 and as a result is loosely folded in the free state (Figure 6).16 One of our previous lab members 

has conducted unpublished studies using the DaMut3 aptamer, a structure-switching aptamer, 

binding dopamine. The aptamer has a high affinity for dopamine at a NaCl concentration of 10 

mM. When the NaCl concentration is increased to 31.6 mM, the affinity of DaMut3 for 

dopamine decreases. However, when the NaCl concentration is increased up until 1000 mM, the 

binding affinity starts increasing again as seen in Figure 13. The reasoning behind this may be 

that at low NaCl concentrations, binding affinity is favoured because reduced shielding of 

charges allows the aptamer to bind dopamine more effectively through electrostatic interactions. 

At high NaCl concentrations, folding of the aptamer is favoured upon the binding of dopamine 

because increased shielding of charges reduces repulsion between like charges, facilitating the 

folding process. Charges on the aptamer phosphate backbone are expected to be shielded, 

allowing the aptamer to come together and folding to be favoured. This is why we can see high 

binding affinities at the lowest and highest NaCl concentrations. Thus, we aim to observe if there 

is a similar relationship with the MN19 aptamer when binding quinine at varying NaCl 

concentrations.  
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Figure 12. Plot of Log Ka vs. Log [NaCl] for the MN4 aptamer binding quinine under NaCl concentrations of 50 

mM to 500 mM. The data was collected through isothermal titration calorimetry. The graph indicates that when 

NaCl concentration is increased, the binding affinity of the MN4 aptamer for quinine decreases. The data was 

collected by Reinstein et al. 
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Figure 13. Plot of Log Ka vs. Log [NaCl] for the DaMut3 aptamer binding dopamine under NaCl concentrations of 

10 mM to 1000 mM. The data was collected through isothermal titration calorimetry. The graph indicates that the 

DaMut3 aptamer has a high binding affinity for dopamine at 10 mM NaCl. When NaCl concentration is increased to 

31.6 mM, the binding affinity of the aptamer for dopamine decreases. As the NaCl concentration is increased up 

until 1000 mM, the binding affinity starts increasing again. The data was collected by Matthew Bowman. 

Material s and Methods 

Materials 

Quinine was obtained from Sigma Aldrich and salts and buffer reagents were obtained 

from BioShop. MN19 was obtained from Integrated DNA Technologies (IDT), which came as a 

lyophilized powder. 

Aptamer Preparation 

MN19 samples were first dissolved in Milli -Q water. In a 5 mL, 3 kDa concentrator, the 

samples were then exchanged three times against 1 M NaCl solution and six times against Milli -

Q water. This was done to remove any leftover products from the synthesis process. The 

concentrations of the aptamers were determined using a Cary Varian UV-Vis spectrometer at an 

optical density (OD) reading of a wavelength of 260 nm with the corresponding extinction 

coefficient provided by IDT, 304 200 M-1 cm-1. 
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Ligand Preparation 

 Quinine samples were dissolved in buffers used for experiments. The concentration of 

quinine was measured using a Cary Varian UV-Vis spectrometer at an OD reading of a 

wavelength of 331 nm with the corresponding extinction coefficient, 4244 M-1 cm-1.   

ITC Experiments 

Firstly, aptamer and ligand samples were prepared in Phosphate-Buffered Saline (PBS) 

buffer (X mM NaCl, 10 mM NaxHyPO4 buffer, pH of 7.4) where X represents varying 

concentrations of NaCl. Aptamer samples were prepared at a concentration of 0.04 mM and 

ligand samples were prepared at a concentration of 0.624 mM. Heating and cooling of the 

aptamer was also performed to achieve fast annealing by placing it in boiling water for 1 minute 

and then placing it on ice for 5 minutes; this was done to favour intramolecular folding. Samples 

were loaded into the MicroCal VP-ITC instrument, with the aptamer being placed in the sample 

cell, and ligand being placed in the syringe. All ITC experiments were conducted at 20  where 

the experiments were set to 35 injections of 8 µL spaced every 300 s. The first injection was set 

to 2 µL to account for diffusion from the syringe during equilibration.  

 Data processing and analysis was then performed on the thermogram generated by the 

Origin 5.0 Software. Manual integration was done, and the heat of dilution was corrected so that 

the data can be fit to an appropriate binding model. The fitted thermogram provides us with the 

stoichiometry of the interaction (n), enthalpy (ȹH) and entropy (ȹS). Most importantly, 

equilibrium binding constants Ka or Kd are given, which represents the binding affinity. Using Ka 

values obtained for the binding interaction done at each NaCl concentration, the log of the Ka 

values can be taken and plotted against the log of the NaCl concentration. The slope obtained 

from the line of best fit would give the value of īZű, where Z represents the apparent charge on 

the bound ligand and ű represents the fraction of Na+ bound per nucleic acid phosphate.15 This 

value can be used to determine the contribution of electrostatics to the free energy of binding by 

inputting it into Equation 1:  

Contribution of Electrostatics to the Free Energy of Binding 

æGelec = ZűRT ln [Na
+] (1) 
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Where æGelec is the contribution of electrostatics to the free energy of binding, Na+ is the NaCl 

concentration of 140 mM NaCl, T is the temperature measured in Kelvin and R is the ideal gas 

constant.   

Knowing the binding affinity of the aptamer for its ligand at 140 mM NaCl, the overall binding 

free energy can be determined with Equation 2: 

 Overall Binding Free Energy 

     æG = RT ln [Kd] (2) 

Where æG is the overall binding free energy, R is the ideal gas constant, T is the temperature 

measured in Kelvin and Kd is the binding affinity. 

Using the contribution of electrostatics to the free energy of binding and the overall binding free 

energy, the representation for the contribution of electrostatics of the overall free energy of the 

aptamer binding its ligand at 140 mM NaCl can be determined.15 Therefore, it can be identified 

whether altering NaCl concentration has an impact on the binding affinity of each structure-

switching aptamer with its ligand.  

Results and Discussion 

Data was collected and processed through isothermal titration calorimetry for MN19 

binding quinine under NaCl concentrations of 140 mM to 1000 mM. Unfortunately, experiments 

using NaCl concentrations of less than 140 mM were not included apart of the study. This is 

because of the two-site binding observed with MN19 binding quinine as seen in Figure 14 with 

50 mM NaCl.14 This prevents the analysis of the binding affinity of the aptamer at lower NaCl 

concentrations. Having the experimental model to be consistent is important and if our model 

suddenly develops two-site binding, it would be much more difficult to compare those data 

points with data points collected at NaCl concentrations where the aptamer has one-site binding. 

This can lead to bias in the results as lower NaCl concentrations would not be included apart of 

the study. Therefore, it is crucial to work with structure-switching aptamers that do not have two-

site binding at specific NaCl concentrations.  
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Figure 14. Representative ITC Thermogram showing the interaction of 0.04 mM of MN19 with 0.624 mM of 

quinine at a NaCl concentration of 50 mM. The thermogram indicates that two-site binding occurs for MN19 

binding quinine at this NaCl concentration. 

A plot was then made of log Ka vs. log [NaCl], and it showed the trend of the binding 

affinity of the MN19 aptamer for quinine at varying NaCl concentrations (Figure 16). The results 

suggested that the affinity of the aptamer for its ligand decreases when increasing the 

concentrations of NaCl. The Na+ ions may be shielding the charges that are involved in 

electrostatic interactions between the aptamer and ligand. Therefore, by increasing the NaCl 

content in the solution where the binding interaction takes place, more shielding occurs and 

disrupts the electrostatic interactions. By disrupting these interactions, the binding affinity of the 

aptamer for the ligand becomes weaker.  

This can also be compared to the results seen with the MN4 aptamer (Figure 17). The 

enthalpy for MN4 binding quinine was determined for a range of NaCl concentrations from 50 to 

500 mM.  As mentioned before, as NaCl concentration decreased, the binding affinity of the 

aptamer for quinine increased. A similar trend was observed with MN19 binding quinine which 

shows that there may be a parallel relationship between non-structure-switching and structure-

switching aptamers when studied as a function of NaCl concentration.  

The contribution of electrostatic interactions seems to be less for MN19 binding quinine 

than for MN4 binding quinine at 140 mM NaCl. From the plot of log Ka vs. log [NaCl] for MN4 

binding quinine seen in Figure 12, the slope gives the value of īZű. This value was determined 

to be -0.45. This can then be inputted into the equation æGelec = ZűRT ln [Na+] to give the 



25 
 

contribution of electrostatics to the free energy of binding. This value for MN4 binding quinine 

was ī0.51 kcal/mol at 140 mM NaCl. With the determined binding affinity of MN4 binding 

quinine at 140 mM NaCl, 0.23 µM, the overall binding free energy can then be determined 

which is -8.90 kcal/mol. These values show the contribution of electrostatics represents 6 % of 

the overall free energy of MN4 binding quinine at 140 mM NaCl.  

The slope obtained from the plot of log Ka vs. log [NaCl] for MN19 binding quinine 

gives a value of -0.10 (Figure 16). Using this value, the contribution of electrostatics for the free 

energy of binding was calculated as -0.11 kcal/mol at 140 mM NaCl. With the binding affinity 

obtained for MN19 binding quinine at 140 mM NaCl, 3.47 µM, the overall free energy was 

determined to be -7.32 kcal/mol. This shows that the contribution of electrostatics represents 

1.50 % of MN19 binding quinine at 140 mM NaCl. Therefore, we see that the contribution of 

electrostatics is less for MN19 binding quinine than MN4 binding quinine at 140 mM NaCl.  
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Figure 15. Representative ITC Thermograms showing the interaction of 0.04 mM of MN19 with 0.624 mM of 

quinine at a NaCl concentration of A) 140 mM, B) 250 mM, C) 355 mM, D) 500 mM, E) 1000 mM and F) 2000 

mM. The sigmoidal curve indicates one-site binding with a Kd of A) 3.47 ɛM, B) 4.30 ɛM, C) 3.74 ɛM, D) 4.87 ɛM, 

E) 5.30 ɛM and F) 2.34 ɛM.  
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Table 1. Overall summary of the thermodynamic results of MN19 binding quinine at varying NaCl concentrations 

with a one-site binding model. The experiments were conducted in X mM NaCl, 10 mM NaxHyPO4 buffer at pH 7.4, 

where X represents the varying concentrations of NaCl at 20°C. The error was determined through standard 

deviation of data collected from multiple experiments performed at each NaCl concentration. However, for the 

experiment conducted at 2000 mM NaCl, the error was determined through the fit of the curve as only one 

experiment was done. 

NaCl Concentration 

(mM) 

Number of 

Experiments 

Average Ka 

(µM -1) 

Average æH 

(kcal/mol) 

Average -TæS 

(kcal/mol) 

140 3 0.23 ± 0.05 -23 ± 2 16 ± 2  

 

250 2 0.20 ± 0.05 -21 ± 2 14 ± 2 

 

355 3 0.21 ± 0.05 -19.1 ± 0.3 11.9 ± 0.3 

 

500 2 0.18 ± 0.03 -22 ± 5 15 ± 5 

 

1000 2 0.186 ± 0.004 -17.0 ± 0.8 9.9 ± 0.8 

2000  1 0.43 ± 0.04 -11.8 ± 0.2 4.3  

 

 

 

Figure 16. Plot of Log Ka vs. Log [NaCl] for the MN19 aptamer binding quinine under NaCl concentrations of 140 

mM to 1000 mM. The data was collected through isothermal titration calorimetry. The graph indicates that the 

binding affinity of the MN19 aptamer for quinine decreases as the NaCl concentration increases. 
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Figure 17. Plot of Log Ka vs. Log [NaCl] comparison for the MN4 aptamer binding quinine under NaCl 

concentrations of 50 mM to 500 mM and the MN19 aptamer binding quinine under NaCl concentrations of 140 mM 

to 1000 mM. The data was collected through isothermal titration calorimetry. The graph indicates that there is a 

smaller decrease in the binding affinity of the MN19 aptamer binding quinine than MN4 binding quinine as NaCl 

concentration is increased. 

Another experiment was conducted for MN19 binding quinine at 2000 mM NaCl. At this 

concentration, the binding affinity of MN19 for quinine increases again. This behaviour is 

similar to the one seen with the DaMut3 aptamer when binding dopamine (Figure 13). The 

affinity decreases from 140 mM NaCl up until 1000 mM NaCl. The binding affinity then starts to 

increase again when the NaCl concentration is increased to 2000 mM (Figure 18). One 

explanation for this may be that at higher NaCl concentrations, folding is favoured of the 

structure-switching aptamer when binding its ligand which may be seen with the MN19 and 

DaMut3 aptamers and can explain the increase in binding affinity when NaCl concentration is 

increased. However, only one data point was collected at 2000 mM NaCl when MN19 binds 

quinine and therefore, more data points are needed to confirm if the binding affinity does 

increase again when the NaCl concentration increases.  
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Figure 18. Plot of Log Ka vs. Log [NaCl] for the MN19 aptamer binding quinine under NaCl concentrations of 140 

mM to 2000 mM. The data was collected through isothermal titration calorimetry. The graph indicates that the 

binding affinity of MN19 for quinine decreases up until 1000 mM NaCl. The binding affinity increases again when 

the NaCl concentration is increased to 2000 mM. However, it should be noted that one data point was only obtained 

at 2000 mM NaCl with ITC.  

Conclusions 

It was shown how the overall trend of the binding affinity of MN19 binding quinine 

decreases when increasing the NaCl concentration from 140 mM to 1000 mM. A similar trend 

was seen with the MN4 aptamer when binding quinine as the binding affinity decreases when 

increasing the NaCl concentration from 50 to 500 mM. Experiments for MN19 binding quinine 

at NaCl concentrations below 140 mM could not be analyzed as the aptamer develops a two-site 

binding model and we want to keep our study consistent by keeping it to a one-site model to 

easily compare binding affinities. The contribution of electrostatics at 140 mM NaCl was less for 

MN19 binding quinine as a value of 1.50 % was determined compared to MN4 binding quinine 

with a determined value of 6 %. Furthermore, when increasing the NaCl concentration to 2000 

mM, the binding affinity increased again. This trend was similar to the one seen with the 

DaMut3 aptamer when binding dopamine, where the binding affinity starts increasing again 

when increasing the NaCl concentration from 31.6 mM to 1000 mM. However, since only one 

5.00

6.00

-1 -0.5 0 0.5

L
o

g
 K

a

Log [NaCl]



30 
 

data point was collected, more data points are needed to confirm if the binding affinity of MN19 

for quinine increases again at 2000 mM NaCl. 
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Chapter 3. Characterizing the Interactions of 

Methylene Blue with Different Aptamers Using 

Fluorescence Spectrometry 

 

Introduction  

When it comes to aptamer applications, E-AB biosensors have become a promising tool 

for detecting and quantifying targets. This can be in undiluted complex matrices, such as plasma, 

serum and other bodily fluids, and can be used in the body.20 The sensing platform involves a 

redox-reporter, methylene blue, covalently attached to an aptamer which is anchored to a gold 

electrode surface through thiol chemistry. The electrochemical signal produced from this 

platform is from a binding-induced conformational change of the aptamer when ligand is added. 

However, it was found that with the MN19 aptamer, the mechanism of which the signal is 

generated is due to a redox-reporter-ligand competition.5 The aptamer undergoes a 

conformational change because of methylene blue binding at or near the ligand binding site on 

the MN19 aptamer as itôs covalently attached to its 3ô end. Methylene blue then gets displaced 

from the binding site upon ligand addition. This changes the distance of methylene blue from the 

electrode surface, leading to a change in electron transfer rates (Figure 7).  

 

The long-term objective of this project is to see what other secondary structures 

methylene blue binds to on different aptamers. The long-term objective was achieved with 

various short-term objectives including comparative analyses of the binding affinities of 

methylene blue interacting with various aptamers such as Caff209, a variant of the caffeine-

binding aptamer, HMX38, a methotrexate-binding aptamer, TRP94-2bp, a truncated version of 

the tryptophan-binding aptamer, among others. This goal was accomplished by measuring the 

intrinsic fluorescence properties of methylene blue using a fluorescence spectrometer.30 A change 

in the fluorescence intensity of methylene blue indicates binding between methylene blue and the 

aptamer. Previous studies were done with methylene blue and the MN19 aptamer.20 A fixed 

concentration of a methylene blue solution was excited at a wavelength of 620 nm. The relative 

mean fluorescence intensity was measured as a function of MN19 concentration at 683 nm. 

Results showed that there was a decrease in the fluorescence intensity upon addition of the 
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MN19 aptamer.20 Therefore, we want to see if there are changes in the fluorescence intensity of 

methylene blue when working with other aptamers.  
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Figure 19. Predicted secondary structures of aptamers, duplex DNA sequences and methylene blue used for 

fluorescence experiments.  The secondary structures show A) MN19, a variant of the cocaine-binding aptamer; B) 

M) N) O) P) 

Q) R) S) T) 

 

 

W) 
 

U)  V) 
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MN4, a variant of the cocaine-binding aptamer; C) SS1, a variant of the MN4 aptamer; D) TWJ, a generic three-way 

junction structure; E) Caff209, a variant of the caffeine-binding aptamer; F) Caff209-3bp, a truncation of the 

Caff209 aptamer; G) MTX5, a methotrexate-binding aptamer; H) HMX38, another version of the methotrexate-

binding aptamer; I) HMX24, a truncation of the HMX38 aptamer; J) Theo2201, a theophylline-binding aptamer; K) 

Theo1, a truncation of the Theo2201 aptamer; L) DA-5bp, a dopamine-binding aptamer; M) DA-3bp, a truncation of 

the DA-5bp aptamer; N) Glu1, a glucose-binding aptamer; O) Glu-mod12, a modification of the Glu1 aptamer; P) 

TRP94, a tryptophan-binding aptamer; Q) TRP94-2bp, a truncation of the TRP94 aptamer; R) Dickerson Drew 

Dodecamer (DDD), a duplex DNA sequence; S) Hexamer (SJH), a duplex DNA sequence; T) 2G3b, a variant of the 

second-generation cocaine-binding aptamer; U) 2G4, a variant of the second-generation cocaine-binding aptamer; 

V) MB1, a methylene blue-binding aptamer and W) methylene blue (MB) redox-reporter.    

 

 

 

 

 

 

 

 

Figure 20. Structures of the A) OTA1, an ochratoxin A-binding aptamer and B) OTA1-long, an elongation of the 

OTA1 aptamer. 

Material s and Methods 

Materials 

Methylene blue was obtained from Sigma Aldrich and salts and buffer reagents were 

obtained from BioShop. Aptamers were obtained from IDT, which came as a lyophilized powder. 

Aptamer Preparation 

Aptamer samples were first dissolved in Milli -Q water. In a 5 mL, 3 kDa concentrator, 

the samples were then exchanged three times against 1 M NaCl solution and six times against 

Milli -Q water. This was done to remove any leftover products from the synthesis process. The 

concentrations of the aptamers were determined using a Cary Varian UV-Vis spectrometer at an 

OD reading of a wavelength of 260 nm with the corresponding extinction coefficient provided by 

IDT. 

A) 
A) B) A) 



35 
 

Ligand Preparation 

 Methylene blue samples were dissolved in buffers used for experiments. The 

concentration of methylene blue was measured using a Cary Varian UV-Vis spectrometer at an 

OD reading of a wavelength of 665 nm with the corresponding extinction coefficient, 74 100 M-1 

cm-1.  

Fluorescence Experiments 

To begin, aptamer and methylene blue samples were prepared in PBS buffer (137 mM 

NaCl, 2.7 mM KCl, 10 mM NaxHyPO4, pH of 7.4). Aptamer samples were prepared at a 

concentration of (100 ± 3) µM and methylene blue samples were prepared at a concentration of 

(60 ± 1) nM. Data was collected using a Cary Eclipse fluorescence spectrometer. A blank PBS 

sample was first excited at 620 nm while the steady-state fluorescence was measured at an 

emission wavelength range of 630-800 nm as a negative control. A methylene blue sample was 

then excited, and its steady-state fluorescence was measured. Aptamer samples were then titrated 

into the methylene blue sample and aliquots were increased incrementally to an aptamer 

concentration of ~6 µM as methylene blue emissions were recorded. Data was then analyzed 

using a direct plot obtained from OriginPro 8.1, where the obtained emission intensities were 

normalized and plotted as a function of aptamer concentration. OriginPro 8.1 was used to 

determine the Kd by fitting the data to our published nonlinear regression function as seen in 

Equation 3:  

 

Nonlinear Regression Function 

 = F1 + (F2 - F1)
(  + xn)

  (3) 

Where F and F0 represents the fluorescence intensities of methylene blue with and without 

aptamer present, F2 and F1 denote the vertical and horizontal asymptotes, n represents the 

number of binding sites and Kd represents the binding affinity.31    

A titration plot was also obtained from the software as another method to analyze the 

data. This would show that binding occurs between an aptamer and ligand if the data plotted 

looks sigmoidal. The plot was constructed by plotting the normalized fluorescence intensities of 

methylene blue at 683 nm as a function of the log of the concentration of aptamer titrated into 
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methylene blue. The midpoint of the titration plot was obtained from OriginPro 8.1 to calculate 

the Kd by taking the inverse log of the obtained midpoint. This value was then compared to the 

Kd obtained from the direct plot.  

 

NMR Experiments 

1D 1H-NMR experiments were performed on a 700 MHz Bruker NMR spectrometer. 

Excitation sculpting was used to suppress the water signal. This method employs a gentle, low-

power 180 degrees pulse that inverts and preserves all resonances while specifically reducing the 

intensity of the water peak. Experiments were conducted at 5  in buffers where conditions are 

mentioned in the figure captions of the NMR spectra. The change in spectra was monitored as a 

function of ligand titration. After addition of ligand, the 1D NMR spectra of the bound state of 

the aptamer was compared to its free state. The data was then processed and analyzed using 

TOPSPIN 3.5 (Bruker).   

Results and Discussion 

Analysis through Direct Plots 

Firstly, a negative control was performed by titrating PBS buffer into the methylene blue 

sample. As seen in Figure 21, a minute decrease in the fluorescence intensity is observed for 

methylene blue. This observation is expected as there is no DNA or aptamer sample titrated into 

the sample cell containing methylene blue for it to bind and cause changes in its fluorescence 

intensity. The very small change in the intensity can be due to dilution of the sample with 

increasing volume of the PBS buffer. The data was fit to a linear function to obtain an average 

slope of (-5 x 10-3 ± 1 x 10-3) µL-1. This indicates that a minimal change is observed in the 

fluorescence intensity of methylene blue with increasing aliquots of PBS buffer.  
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Figure 21. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of volume of PBS 

buffer titrated into methylene blue. Titration of PBS buffer was used as a negative control and graphs indicate that a 

very small decrease in fluorescence intensity is observed which can be due to dilution of the methylene blue sample 

with increasing volume of PBS buffer. The data was fit to a linear function to obtain an average slope value of (-5 x 

10-3 ± 1 x 10-3) µL-1. The different colors and symbols represent different runs of the PBS buffer titration into 

methylene blue experiment. The error was determined through standard deviation using data collected from 4 

experiments. 

A positive control was also conducted of the MN19 aptamer into methylene blue. Data 

collected from experiments were plotted and fit to a nonlinear binding function and an average 

Kd value of (0.14 ± 0.04) µM was calculated. This indicates that the aptamer binds tightly to 

methylene blue (Figure 22). 
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Figure 22. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

MN19 aptamer titrated into methylene blue. Titration of the MN19 aptamer was used as a positive control and 

graphs show the fluorescence decay of methylene blue with increasing concentration of the MN19 aptamer. The data 

was fit to a nonlinear binding function to obtain an average Kd value of (0.14 ± 0.04) µM. The different colors and 

symbols represent different runs of the MN19 titration into methylene blue experiment. The error was determined 

through standard deviation using data collected from 7 experiments. 

When MN4, another variant of the cocaine-binding aptamer, was titrated into methylene 

blue, the aptamer appears to bind tighter than MN19 and an average Kd value of (0.017 ± 0.002) 

µM was obtained (Figure 23). The experiment was optimized to obtain a more well-defined 

curve, so that an accurate Kd value was obtained. This was done by working at half the 

concentration of methylene blue normally used and going to a 2:1 molar ratio. This explains why 

the x-axis for this plot has lower concentration values for the aptamer than the other plots 

constructed for this study. Another aptamer that was used was the SS1 aptamer, a variant of the 

MN4 aptamer. It differs from MN4 by having its two G-A base-pairs interchanged at the central 

three-way junction. When titrating the SS1 aptamer into methylene blue, the aptamer appears to 

bind methylene blue with an average Kd value of (2 ± 1) µM (Figure 24). This indicates that the 

aptamer binds weaker than both MN19 and MN4 to methylene blue. A generic three-way 

junction DNA structure (TWJ) was also used and when titrated into methylene blue, it binds 

tightly with an average Kd value of (0.461 ± 0.008) µM (Figure 25). The value obtained indicates 

a slightly lower binding affinity than MN19 yet binds tightly to methylene blue.  
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Figure 23. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

MN4 aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the MN4 aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (0.017 ± 0.002) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 

 

Figure 24. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

SS1 aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the SS1 aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (2 ± 1) µM. The error was determined through standard 

deviation using data collected from 2 experiments. 
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Figure 25. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

TWJ aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the TWJ aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (0.461 ± 0.008) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 

Caff209, a variant of the caffeine-binding aptamer,32 was titrated into methylene blue. 

Figure 26 indicates that the aptamer binds tightly with an average Kd value of (0.6 ± 0.4) µM. 

The truncated version of the Caff209 aptamer, Caff209-3bp, was also titrated into methylene blue 

and Figure 27 shows a fluorescence decay which indicates binding of the aptamer to methylene 

blue. The data was fit to obtain an average Kd value of (4 ± 2) µM which shows that the 

truncation in the stem of the Caff209 structure leads to a weaker binding affinity.   
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Figure 26. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

Caff209 aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the Caff209 aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (0.6 ± 0.4) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 

 

Figure 27. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

Caff209-3bp aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the Caff209-3bp aptamer. This experiment was done in duplicates and the data was fit to 

a nonlinear binding function to obtain an average Kd value of (4 ± 2) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 
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Figure 28 shows the fluorescence decay of methylene blue with increasing concentration 

of MTX5, a methotrexate-binding aptamer.33 The graph indicates that the aptamer binds tightly, 

and the data was fit to obtain an average Kd value of (0.44 ± 0.02) µM. Another version of the 

methotrexate-binding aptamer, HMX38, was also used for the study.34 A fluorescence decay was 

shown of methylene blue with increasing concentration of the aptamer; it binds tightly to 

methylene blue with an average Kd value of (0.5 ± 0.2) µM (Figure 29). The truncated version of 

HMX38, HMX24, also binds tightly to methylene blue with an average Kd value of (0.6 ± 0.2) 

µM (Figure 30). The truncated version of the HMX38 aptamer also exhibits a lower binding 

affinity as seen with the truncated version of the Caff209 aptamer. 

 

Figure 28. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

MTX5 aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the MTX5 aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (0.44 ± 0.02) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 
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Figure 29. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

HMX38 aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the HMX38 aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (0.5 ± 0.2) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 

 

Figure 30. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

HMX24 aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the HMX24 aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (0.6 ± 0.2) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 
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A theophylline-binding aptamer, Theo2201, was also used for this study.35 Figure 31 

shows a fluorescence decay as the aptamer was titrated into methylene blue and an average Kd 

value of (0.99 ± 0.06) µM was calculated. This shows that Theo2201 binds tightly to methylene 

blue. The truncated version of this aptamer, Theo1, also binds to methylene blue with an average 

Kd value of (1.3 ± 0.2) µM observed with the fluorescence decay shown on the graph (Figure 

32). When comparing both aptamers, the truncated version also exhibits a lower binding affinity 

yet both aptamers bind to methylene blue. 

 

Figure 31. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

Theo2201 aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the Theo2201 aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (0.99 ± 0.06) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 
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Figure 32. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

Theo1 aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the Theo1 aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (1.3 ± 0.2) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 

  TRP94, a tryptophan-binding aptamer,33 was titrated into methylene blue, and Figure 33 

shows a fluorescence decay which indicates that the aptamer binds to methylene blue with an 

average Kd value of (1.4 ± 0.5) µM. The graph indicating the truncated version of the TRP94 

aptamer, TRP94-2bp, also shows a fluorescence decay of methylene blue with increasing 

concentrations and it binds tightly with an average Kd value of (0.4 ± 0.3) µM (Figure 34). In this 

case, the truncated version binds tighter than the parent version of the tryptophan-binding 

aptamer. This demonstrates that the stem region of the parent aptamer does not play a significant 

role in the binding affinity towards methylene blue. This shows that methylene blue may be 

interacting with a different region on the aptamer.  
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Figure 33. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

TRP94 aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the TRP94 aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (1.4 ± 0.5) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 

 

Figure 34. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

TRP94-2bp aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the TRP94-2bp aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (0.4 ± 0.3) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 
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 A dopamine-binding aptamer, DA-5bp,36 was titrated into methylene blue, and Figure 35 

shows a fluorescence decay with increasing concentration of the aptamer. The aptamer binds to 

methylene blue with an average Kd value of (1.3 ± 0.4) µM. The truncated version, DA-3bp, also 

binds to methylene blue with an average Kd value of (1.2 ± 0.4) µM as a fluorescence decay was 

also observed on the plotted graph (Figure 36). When comparing the binding affinities of both 

aptamers to methylene blue, the truncated version binds tighter to methylene blue as DA-3bp has 

a slightly higher binding affinity than DA-5bp. This also indicates how a longer stem region 

doesnôt significantly contribute to stronger binding with the dopamine-binding aptamer.  

 

Figure 35. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

DA-5bp aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the DA-5bp aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (1.3 ± 0.4) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 
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Figure 36. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

DA-3bp aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the DA-3bp aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (1.2 ± 0.4) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 

 A glucose-binding aptamer, Glu1,36 was incorporated into this study. Figure 37 shows 

fluorescence decay with increasing concentration of the Glu1 aptamer. The data was fit to obtain 

an average Kd value of (1.1 ± 0.3) µM which shows that this aptamer also binds to methylene 

blue. The modified version of the aptamer, Glu-mod12, showed binding with methylene blue 

with an average Kd value of (2 ± 1) µM (Figure 38). The modified version of the glucose-binding 

aptamer binds weaker than the parent aptamer but both aptamers exhibit binding with methylene 

blue. 
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Figure 37. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

Glu1 aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the Glu1 aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (1.1 ± 0.3) µM. The error was determined through 

standard deviation using data collected from 2 experiments.  

 

Figure 38. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

Glu-mod12 aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the Glu-mod12 aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (2 ± 1) µM. The error was determined through standard 

deviation using data collected from 2 experiments. 
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 OTA1-long, is the elongated version of the ochratoxin A-binding aptamer. When titrating 

this aptamer into methylene blue, the fluorescence intensity decreases which shows that the 

aptamer binds tightly with a Kd value of (0.5 ± 0.5) µM (Figure 39). Experimental conditions 

were optimized by working at half the concentration of methylene blue normally used and 

performing titrations until a 2:1 molar ratio to obtain a well-defined curve for an accurate Kd 

value. However, duplicate experiments still need to be performed. The parent aptamer of 

ochratoxin A, OTA1,37 also binds tightly to methylene blue, indicated by the decay in 

fluorescence, with an average Kd value of (0.13 ± 0.04) µM (Figure 40). In this case, the shorter 

version of the ochratoxin A-binding aptamer binds tighter to methylene blue.  

 

Figure 39. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

OTA1-long aptamer titrated into methylene blue. The graph shows the fluorescence decay of methylene blue with 

increasing concentration of the OTA1-long aptamer. The data was fit to a nonlinear binding function to obtain a Kd 

value of (0.5 ± 0.5) µM. This experiment was not completed in duplicates and therefore, the error was determined 

through the fit of the curve.   
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Figure 40. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

OTA1 aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the OTA1 aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (0.13 ± 0.04) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 

 2G3b, a variant of the second-generation cocaine-binding aptamer,38 was shown to bind 

tightly to methylene blue with a Kd value of (0.07 ± 0.05) µM (Figure 41). Experimental 

conditions were optimized to obtain a well-defined curve for an accurate Kd value. Additionally, 

this experiment was not conducted in duplicates. 2G4, another variant of the second-generation 

cocaine-binding aptamer, also binds tightly to methylene blue. The graph shows a fluorescence 

decay, and the data was fit to obtain an average Kd value of (0.22 ± 0.05) µM (Figure 42).  
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Figure 41. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

2G3b aptamer titrated into methylene blue. The graph shows the fluorescence decay of methylene blue with 

increasing concentration of the 2G3b aptamer. The data was fit to a nonlinear binding function to obtain a Kd value 

of (0.07 ± 0.05) µM. This experiment was not completed in duplicates and therefore, the error was determined 

through the fit of the curve. 

 

Figure 42. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

2G4 aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the 2G4 aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (0.22 ± 0.05) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 
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 MB1, a methylene blue-binding aptamer,39 binds tightly to methylene blue with an 

average Kd value of (0.013 ± 0.004) µM (Figure 43). The result is expected as this aptamer is 

presumed to be selected against methylene blue. This is consistent with the findings of Yang et 

al. who performed a Thioflavin T (ThT) dye displacement assay which included the methylene 

blue-binding aptamer and methylene blue and obtained a Kd value of 31 nM.39 In the 

fluorescence experiment conducted to test for binding between methylene blue and MB1, the Kd 

value obtained was 13 nM (Figure 43). Experimental conditions were optimized by working at 

half the concentration of methylene blue normally used and performing titrations until a 2:1 

molar ratio to obtain a well-defined curve for an accurate Kd value.  

 

Figure 43. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

MB1 aptamer titrated into methylene blue. The graphs show the fluorescence decay of methylene blue with 

increasing concentration of the MB1 aptamer. This experiment was done in duplicates and the data was fit to a 

nonlinear binding function to obtain an average Kd value of (0.013 ± 0.004) µM. The error was determined through 

standard deviation using data collected from 2 experiments. 

 The Dickerson Drew Dodecamer (DDD), a well-studied duplex DNA sequence that 

consists of 12 base-pairs,40 was titrated into a methylene blue sample. Figure 44 shows a small 

decrease in fluorescence intensity, and it appears that this sequence binds very weakly to 

methylene blue. The data could not be fit to a nonlinear binding function as the trend of the data 

plotted appears linear. This trend resembled the observations seen with the change in the 

fluorescence intensity in the PBS buffer titration experiment. The data was fit to a linear function 
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and an average slope value of (-5.7 x 10-2 ± 0.8 x 10-2) µM-1 was obtained. When comparing this 

value with the average slope obtained for the PBS buffer titration (Figure 21), (-5 x 10-3 ± 1 x 10-

3) µL-1, the value indicates a more negative slope. The more negative slope can be attributed to 

two key factors: the very weak binding occurring between DDD and methylene blue and the 

dilution of the methylene blue sample. The Hexamer (SJH), another duplex DNA sequence that 

consists of 6 base-pairs, was also titrated into methylene blue (Figure 45). Just like the DDD 

titration into methylene blue, the graph indicates that this sequence binds very weakly to 

methylene blue, and the data was fit to a linear function to obtain an average slope of (-3.5 x 10-2 

± 0.9 x 10-2) µM-1. The slope obtained is more negative than the slope obtained for the negative 

control, and this can also be due to the two factors mentioned for the DDD titration into 

methylene blue. Overall, both duplex DNA sequences show a weak binding interaction with 

methylene blue.     

 

 

Figure 44. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

Dickerson Drew Dodecamer (DDD) duplex DNA sequence titrated into methylene blue. The graphs show the 

fluorescence decay of methylene blue with increasing concentration of DDD. This experiment was done in 

duplicates and the data was fit to a linear function to obtain an average slope of (-5.7 x 10-2 ± 0.8 x 10-2) µM-1. The 

error was determined through standard deviation using data collected from 2 experiments. 
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Figure 45. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm as a function of concentration of the 

Hexamer (SJH) duplex DNA sequence titrated into methylene blue. The graphs show the fluorescence decay of 

methylene blue with increasing concentration of SJH. This experiment was done in duplicates and the data was fit to 

a linear function to obtain an average slope of (-3.5 x 10-2 ± 0.9 x 10-2) µM-1. The error was determined through 

standard deviation using data collected from 2 experiments. 

Overall, when conducting a direct plot analysis of the normalized fluorescence intensity 

of methylene blue at ɚem= 683 nm as a function of concentration of the aptamer or DNA titrated 

into methylene blue, the results suggest that methylene blue binds very weakly to duplex DNA. 

This was reflected in the plots constructed of the DDD and SJH titration into methylene blue as a 

minimal change in fluorescence intensity was seen compared to the decay curves seen with the 

aptamers. Methylene blue seems to bind tightly to aptamer structures containing a bulge or stem-

loop. As seen in Figure 34, the tryptophan-binding aptamer had its stem truncated to two base-

pairs and still binds tightly to methylene blue. This can indicate how methylene blue is likely 

binding other structures on aptamers and not the duplex DNA structure. Furthermore, a summary 

of all aptamer titrations completed with their associated Kd values is shown in Table 2. The table 

shows all the aptamers that bound tightly to methylene blue when compared to MN19 are in the 

range of 0-4 µM. The aptamers that bind tightly also contain either a stem-loop or bulge in their 

structures. However, both DDD and SJH were not fit to a nonlinear binding function but fit to a 

linear function where their corresponding slope values were compared with the negative control 

in Table 3.  
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Table 2. Summary of binding affinities obtained from a direct plot for all aptamers titrated into methylene blue. The 

data was fit to a nonlinear binding function where their associated Kd values were compared to MN19. The error was 

determined through standard deviation of each experiment. * denotes that the error was determined through the fit of 

the curve. 

Binds weaker than MN19 

(µM) 

Binds similar to MN19 

(µM) 

Binds tighter than MN19 

(µM) 

2G4, (0.22 ± 0.05) MN19, (0.14 ± 0.04) *2G3b, (0.07 ± 0.05) 

TRP94-2bp, (0.4 ± 0.3) OTA1, (0.13 ± 0.04) MN4, (0.017 ± 0.002) 

MTX5, (0.44 ± 0.02)  MB1, (0.013 ± 0.004) 

TWJ, (0.461 ± 0.008)  

HMX38, (0.5 ± 0.2) 

*OTA1-long, (0.5 ± 0.5) 

HMX24, (0.6 ± 0.2) 

Caff209, (0.6 ± 0.4) 

Theo2201, (0.99 ± 0.06) 

Glu1, (1.1 ± 0.3) 

DA-3bp, (1.2 ± 0.4) 

Theo1, (1.3 ± 0.2) 

DA-5bp, (1.3 ± 0.4) 

TRP94, (1.4 ± 0.5) 

Glu-mod12, (2 ± 1) 

SS1, (2 ± 1) 

Caff209-3bp, (4 ± 2) 

 

Table 3. Summary of slopes obtained from a direct plot for duplex DNA sequences titrated into methylene blue. The 

data was fit to a linear function where their associated slope values were compared to the PBS buffer titration. The 

error was determined through standard deviation of each experiment.  

Sample Slope  

PBS Buffer (-5 x 10-3 ± 1 x 10-3) µL-1 

DDD (-5.7 x 10-2 ± 0.8 x 10-2) µM-1 

SJH (-3.5 x 10-2 ± 0.9 x 10-2) µM-1 

 

Methylene blue was previously found to be a DNA intercalator, a molecule that 

reversibly intercalates with the double-strand helix of DNA through insertion between adjacent 

base-pairs and thereby, disrupting the structure of DNA.41-42 However in this study, it was found 

that the duplex DNA sequences, DDD and SJH, binds very weakly to methylene blue. This 

shows that it may be a weakly binding intercalator. Another possibility is that methylene blue 

may be interacting with the aptamer through a ˊ-ˊ stacking mechanism. Aron A. Shoara et al. 

have previously showed that quinine and cocaine interact with the cocaine-binding aptamer in a 
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-́ˊ stacking mechanism where one face of the aromatic ring in the ligand interacts with one or 

more bases from the aptamer.31 When adding the cocaine-binding aptamer to both quinine and 

cocaine, the intrinsic fluorescence of the ligands was quenched. To support this stacking 

mechanism, the fluorescence of ethidium bromide, a known intercalator, was measured after 

titration of the cocaine-binding aptamer.31 It was shown that the fluorescence intensity increased 

upon addition of the aptamer. With methylene blue, fluorescence intensity decreased upon 

addition of the aptamer like the addition of aptamer to quinine or cocaine. Therefore, itôs possible 

that methylene blue may be interacting with the aptamer through a stacking manner where the 

aromatic ring from methylene blue interacts with one or more bases from the aptamer.  

Analysis through Titration Plots 

Another way the data can be interpreted is through the analysis of a titration plot. The 

plot is constructed by plotting the normalized fluorescence intensities of methylene blue at 683 

nm as a function of the log of the concentration of aptamer or DNA titrated into methylene blue. 

When observing a sigmoidal shape, it can indicate binding is occurring between the aptamer and 

methylene blue. However, some of the data were successfully fit on a titration plot to yield a 

sigmoidal shape while others were not. As a result, some data sets could not have a midpoint 

adequately identified. Furthermore, the modelled behaviour that the titration plots exhibited was 

inconsistent between the duplicates acquired. For some data sets, the midpoint was identified, 

and the Kd was calculated. This is done by taking the inverse log of the midpoint identified. This 

value can then be used to compare with the Kd values obtained from the direct plot of normalized 

fluorescence intensity of methylene blue at ɚem= 683 nm as a function of the concentration of 

aptamer or DNA titrated into methylene blue. Ideally, the Kd values should be similar if not the 

same. 

 Firstly, when looking at the titration plots of the MN19 aptamer titrated into methylene 

blue, the average Kd value was calculated to be (0.29 ± 0.08) µM. This value is relatively close to 

the value obtained from the direct plot of the MN19 titration where the average Kd value was 

calculated to be (0.14 ± 0.04) µM. However, the average Kd value was determined based on 

titration plots that were able to fit a sigmoidal model (Figure 46). Other runs done with MN19 

and graphed as a titration plot were excluded as the data did not conform to a sigmoidal model. 

Midpoints not apart of the range of the x-axis plotted were identified and therefore, their Kd 
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values were not calculated. This shows that a direct plot provides a clearer representation of the 

data as consistency is present between multiple runs. Therefore, a direct plot is a more effective 

way to analyze the data (Figure 22). Furthermore, the graphs which exhibit a sigmoidal-shaped 

modelled behaviour indicate that the MN19 aptamer binds to methylene blue (Figure 46).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

MN19 aptamer titrated into methylene blue. MN19 was used as a positive control before starting experiments with 

other aptamers. An attempt was made to fit the titration plots to a sigmoidal fit, however, some runs plotted on a 

titration plot yielded midpoint values that were not in the range of the x-axis plotted. Therefore, the values were not 

taken for calculation of Kd. Graphs that did yield midpoint values that were apart of the x-axis were used for the 

calculation of Kd. (A) and (B) have a sigmoidal-shaped modelled behaviour and (C) and (D) show a sigmoidal-

shaped modelled behaviour less pronounced compared to (A) and (B). Overall, the modelled behaviours between the 

four graphs appear consistent. The midpoint of the titration plots was identified as A) -6.46, B) -6.44, C) -6.68 and 

D) -6.62 which enabled the calculation of Kd values of A) 0.35 µM, B) 0.36 µM, C) 0.21 µM and D) 0.24 µM which 

gives an average Kd value of (0.29 ± 0.08) µM. The error was determined through standard deviation using data 

collected from 4 experiments. 
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 When looking at the titration plot of MN4 into methylene blue, the Kd value was 

calculated to be (0.01 ± 0.02) µM. The average Kd value from the direct plot was calculated to be 

(0.017 ± 0.002) µM. The values presented are nearly identical which shows how both plots 

represent a similar binding affinity of the aptamer for methylene blue. However, the data 

presented as a titration plot does not fit as well to obtain a sigmoidal-shaped modelled behaviour 

as the graph exhibits low sigmoidicity (Figure 47). It would be difficult to determine whether the 

MN4 aptamer binds to methylene blue just through a titration plot. Therefore, a direct plot would 

be considered a more effective method for analyzing binding and determining Kd values (Figure 

23).  

 

 

 

 

 

 

 

Figure 47. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

MN4 aptamer titrated into methylene blue. An attempt was made to fit the titration plot to a sigmoidal fit. The graph 

exhibits a sigmoidal-shaped modelled behaviour with low sigmoidicity. The midpoint was identified as -7.94 which 

enabled the calculation of a Kd value of (0.01 ± 0.02) µM. The error was determined through the fit of the curve.  

 In the SS1 aptamer titration plot, an average Kd value of (1.34 ± 0.09) µM was calculated. 

The average Kd value from the direct plot was calculated to be (2 ± 1) µM. The values are 

moderately close to each other which can indicate that both plots represent a moderately similar 

binding affinity of SS1 for methylene blue. However, it is also seen how the modelled behaviour 

between the duplicate experiments appears almost consistent. In Figure 48A, a sigmoidal-shaped 

modelled behaviour is observed, while in Figure 48B, it shows a sigmoidal-shaped curve with 

lower sigmoidicity compared to Figure 48A. It is difficult to determine if binding occurs based 

on the titration plots. Therefore, the direct plot method of analysis can be more effective in 

determining binding and binding affinities (Figure 24).  
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Figure 48. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

SS1 aptamer titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit. (A) shows 

a sigmoidal-shaped curve. (B) shows a sigmoidal-shaped curve with lower sigmoidicity compared to (A). The 

modelled behaviours of both graphs appear almost consistent. The midpoint of the titration plots was identified as A) 

-5.85 and B) -5.89 which enabled the calculation of Kd values of A) 1.41 µM and B) 1.28 µM which gives an 

average Kd value of (1.34 ± 0.09) µM. The error was determined through standard deviation using data collected 

from 2 experiments.  

 In the TWJ titration plot, an average Kd value of (0.427 ± 0.009) µM was calculated. The 

average Kd value from the direct plot was calculated to be (0.461 ± 0.008) µM. The values 

presented are close to each other which shows how both plots represent a similar binding affinity 

of the aptamer for methylene blue. When the data was fit to a sigmoidal behaviour, the graphs for 

the duplicate experiments have a sigmoidal-shaped curve that have low sigmoidicity (Figure 49). 

The plots can indicate that binding is occurring between TWJ and methylene blue, however, to 

accurately quantify how tight or weak the binding is, a direct plot can be used to determine Kd 

values (Figure 25).  
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Figure 49. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of TWJ 

titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit. The graph for both (A) 

and (B) have a sigmoidal-shaped curve that have low sigmoidicity and therefore, the modelled behaviour of both 

graphs appears consistent. The midpoint of the titration plots was identified as A) -6.36 and B) -6.38 which enabled 

the calculation of Kd values of A) 0.43 µM and B) 0.42 µM which gives an average Kd value of (0.427 ± 0.009) µM. 

The error was determined through standard deviation using data collected from 2 experiments. 

 With the titration plot of Caff209, an average Kd value of (0.7 ± 0.3) µM was calculated. 

The average Kd value from the direct plot was calculated to be (0.6 ± 0.4) µM. The values are 

close to each other which shows that the two plots represent a similar binding affinity of Caff209 

for methylene blue. The modelled behaviour for both plots appear consistent despite Figure 50B 

showing a sigmoidal-shaped curve less pronounced as Figure 50A. By looking at the plots, it can 

be determined that binding is occurring between Caff209 and methylene blue yet binding 

affinities can be analyzed more accurately using the direct plot (Figure 26).    
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Figure 50. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

Caff209 aptamer titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit. (A) 

shows a sigmoidal-shaped curve and (B) shows a sigmoidal-shaped curve less pronounced as (A). The modelled 

behaviour of both graphs appears consistent. The midpoint of the titration plots was identified as A) -6.36 and B) -

6.04 which enabled the calculation of Kd values of A) 0.44 µM and B) 0.91 µM which gives an average Kd value of 

(0.7 ± 0.3) µM. The error was determined through standard deviation using data collected from 2 experiments. 

 The titration plot for the Caff209-3bp aptamer provided a Kd value of (1.6 ± 0.2) µM. The 

average Kd value from the direct plot was calculated to be (4 ± 2) µM. The values obtained are 

relatively far apart. This can be a result of how the Kd was calculated and obtained from the 

titration plot. Figure 51A shows a hyperbolic curve rather than a sigmoidal-shaped curve and the 

midpoint identified from this plot was 3.11 which is not a value within the range of the x-axis 

plotted. Therefore, this value was not taken for the calculation of Kd. Figure 51B shows a 

sigmoidal-shaped curve. The midpoint obtained from this plot gave the corresponding Kd value 

for this titration plot. Therefore, the Kd was solely based on one titration plot as a sigmoidal 

model could not be successfully fit for Figure 51A. The modelled behaviour between the 

duplicate experiments is not consistent and therefore, it can be difficult to accurately determine 

binding and binding affinities from a titration plot. Hence, a direct plot is a more accurate 

method of analysis (Figure 27).  
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Figure 51. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

Caff209-3bp aptamer titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit. 

(A) shows a hyperbolic curve rather than a sigmoidal-shaped curve and (B) shows a sigmoidal-shaped curve. The 

modelled behaviour between the duplicate experiments is not consistent. The midpoint of (A) was identified as 3.11 

which is not a value within the range of the x-axis plotted. Therefore, this value was not taken for calculation of Kd. 

The midpoint of the titration plot for (B) was identified as -5.81 which enabled the calculation of a Kd value of (1.6 

± 0.2) µM. The error was determined through the fit of the curve.  

 Looking at the MTX5 titration plot, a Kd value of (0.55 ± 0.09) µM was calculated. The 

average Kd value from the direct plot was calculated to be (0.44 ± 0.02) µM. The obtained values 

are relatively close to each other which shows how the two plots represent a similar binding 

affinity of MTX5 for methylene blue. However, the Kd obtained from the titration plot is solely 

based on one experiment. Figure 52A shows a sigmoidal-shaped curve and Figure 52B appears 

linear rather than a sigmoidal-shaped curve therefore showing that the modelled behaviour 

between the duplicate experiments is not consistent. The midpoint of Figure 52B was identified 

as -5.69 which is close towards the end of the titration plot. Therefore, this value was not taken 

for the calculation of Kd. Figure 52A shows a sigmoidal model successfully fit and the midpoint 

was identified which led to the calculation of the Kd value. Thus, a direct plot can be used to 

accurately determine if binding is occurring between the MTX5 aptamer and methylene blue and 

to quantify the binding affinity (Figure 28).  
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Figure 52. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

MTX5 aptamer titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit. (A) 

shows a sigmoidal-shaped curve and (B) appears linear rather than a sigmoidal-shaped curve. The modelled 

behaviour between the duplicate experiments is not consistent. The midpoint of (B) was identified as -5.69 which is 

towards the end of the titration plot. Therefore, this value was not taken for calculation of Kd. The midpoint of (A) 

was identified as -6.26 and enabled the calculation of a Kd value of (0.55 ± 0.09) µM. The error was determined 

through the fit of the curve.  

 In the HMX38 titration plot, an average Kd value of (0.7 ± 0.5) µM was calculated. The 

average Kd value from the direct plot was calculated to be (0.5 ± 0.2) µM. The values are near 

each other which indicates the two plots presenting a similar binding affinity. However, it is 

important to recognize that the graphs for both Figure 53A and Figure 53B have a very low 

sigmoidicity despite the modelled behaviour of both graphs appearing consistent. It seems that 

the data presented on the titration plot does not fit as well to a sigmoidal model. It could be 

difficult to accurately determine whether binding is occurring just based off the titration plot and 

therefore, determine the binding affinity. Hence, a direct plot can be used to accurately determine 

if binding occurs and the binding affinity (Figure 29).  
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Figure 53. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

HMX38 aptamer titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit. The 

graph for both (A) and (B) have a very low sigmoidicity, yet the modelled behaviour of both graphs appears 

consistent. The midpoint of the titration plots was identified as A) -6.37 and B) -5.97 which enabled the calculation 

of Kd values of A) 0.43 µM and B) 1.07 µM which gives an average Kd value of (0.7 ± 0.5) µM. The error was 

determined through standard deviation using data collected from 2 experiments.  

 In the HMX24 titration plot, a Kd value of (0.6 ± 0.9) µM was calculated. The average Kd 

value from the direct plot was calculated to be (0.6 ± 0.2) µM. The values obtained are the same 

which indicates that a direct plot and titration plot of the data provides the same binding affinity. 

However, the data may seem to not be accurately fit to a sigmoidal model and therefore, a 

titration plot would not be the primary method of analysis. Figure 54A has a sigmoidal-shaped 

curve with very low sigmoidicity and Figure 54B appears to be hyperbolic rather than a 

sigmoidal-shaped curve. Therefore, the modelled behaviour between the duplicate experiments is 

not consistent. The midpoint of Figure 54B was identified as -5.68 which is towards the end of 

the titration plot. Therefore, this value was not taken for the calculation of Kd. It seems that the 

midpoint identified is as if the x-axis were to be extended beyond the last titration so a 

sigmoidal-shaped modelled behaviour can be observed. Thus, experimental conditions can be 

optimized where titrations are still performed beyond the set parameters. Furthermore, the Kd 

obtained from the titration plot is solely just off of Figure 54A which shows how a direct plot of 

analysis can be a more reliable method of analysis to determine if binding is occurring and to 

quantify binding affinity (Figure 30).  
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Figure 54. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

HMX24 aptamer titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit. (A) 

has a sigmoidal-shaped curve with very low sigmoidicity and (B) appears to be hyperbolic rather than a sigmoidal-

shaped curve. The modelled behaviour between the duplicate experiments is not consistent. The midpoint of (B) was 

identified as -5.68 which is towards the end of the titration plot. Therefore, this value was not taken for calculation 

of Kd. The midpoint of the titration plot for (A) was identified as -6.23 and enabled the calculation of a Kd value of 

(0.6 ± 0.9) µM. The error was determined through the fit of the curve.  

 A Kd value of (0.9 ± 0.7) µM was calculated for the Theo2201 titration plot. The average 

Kd value obtained for the direct plot was (0.99 ± 0.06) µM which shows how the two values are 

close to each other, and the two plots represent very similar binding affinities of the aptamer for 

methylene blue. However, it should be noted that the Kd obtained for the titration may be 

inaccurate despite being close to the value obtained from the direct plot. The data presented on 

the titration plot may not fit as well to a sigmoidal model. Figure 55A appears linear rather than a 

sigmoidal-shaped curve and Figure 55B shows a sigmoidal-shaped curve with low sigmoidicity 

which shows that the modelled behaviour between the duplicate experiments is not consistent. 

The midpoint of Figure 55A was identified as 7.69 which is not a value within the range of the x-

axis plotted. Therefore, this value was not taken for the calculation of Kd. Hence, the Kd 

calculated from the titration plot is only based on one experiment. Thus, this suggests that the 

direct plot is a more effective method to accurately determine binding affinities between 

Theo2201 and methylene blue (Figure 31).  
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Figure 55. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

Theo2201 aptamer titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit. (A) 

appears linear rather than a sigmoidal-shaped curve and (B) shows a sigmoidal-shaped curve with low sigmoidicity. 

The modelled behaviour between the duplicate experiments is not consistent. The midpoint of (A) was identified as 

7.69 which is not a value within the range of the x-axis plotted. Therefore, this value was not taken for calculation of 

Kd. The midpoint of the titration plot for (B) was identified as -6.02 which enabled the calculation of a Kd value of 

(0.9 ± 0.7) µM. The error was determined through the fit of the curve.   

 An average Kd value of (1.3 ± 0.1) µM was calculated from the titration plot of Theo1. 

The average Kd value obtained from the direct plot was (1.3 ± 0.2) µM. The values are the same 

however, it should be noted that the obtained value from the titration plot can be inaccurate.  The 

titration plot for Figure 56A appears to have a sigmoidal-shaped curve and Figure 56B shows a 

sigmoidal-shaped curve with very low sigmoidicity compared to Figure 56A. The modelled 

behaviour between the duplicate experiments is not consistent. Therefore, a titration plot may not 

be the best method to represent the binding affinity, yet a direct plot can used to accurately 

determine and quantify the binding affinity (Figure 32).  
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Figure 56. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

Theo1 aptamer titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit. The 

titration plot for (A) appears to have a sigmoidal-shaped curve and (B) shows a sigmoidal-shaped curve with very 

low sigmoidicity compared to (A). The modelled behaviour between the duplicate experiments is not consistent. The 

midpoint of the titration plots was identified as A) -5.85 and B) -5.91 which enabled the calculation of Kd values of 

A) 1.43 µM and B) 1.24 µM which gives an average Kd value of (1.3 ± 0.1) µM. The error was determined through 

standard deviation using data collected from 2 experiments.  

 With the titration plot of the TRP94 aptamer, a Kd value of (1.2 ± 0.5) µM was calculated. 

When compared to the average Kd  value obtained from the direct plot, (1.4 ± 0.5) µM, it shows 

that the values are nearly close to each other. However, the value obtained from the titration plot 

may also be inaccurate. The data presented on the titration plot may not be appropriate for a 

sigmoidal fit. Figure 57A appears hyperbolic rather than a sigmoidal-shaped curve where the 

midpoint identified, 10.46, is not a value within the range of the x-axis plotted. Therefore, this 

value was not taken for the calculation of Kd. Figure 57B shows a sigmoidal-shaped curve with 

low sigmoidicity which shows how the modelled behaviour between the duplicate experiments is 

not consistent. Although Kd values from the direct plot and titration plot are nearly the same, a 

direct plot can be used to accurately analyze binding affinity (Figure 33).  
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Figure 57. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

TRP94 aptamer titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit. (A) 

appears hyperbolic rather than a sigmoidal-shaped curve and (B) shows a sigmoidal-shaped curve with low 

sigmoidicity. The modelled behaviour between the duplicate experiments is not consistent. The midpoint of (A) was 

identified as 10.46 which is not a value within the range of the x-axis plotted. Therefore, this value was not taken for 

calculation of Kd. The midpoint of (B) was identified as -5.90 which enabled the calculation of a Kd value of (1.2 ± 

0.5) µM. The error was determined through the fit of the curve.  

 With the titration plot of the TRP94-2bp aptamer, an average Kd value of (0.7 ± 0.5) µM 

was calculated. The average Kd value obtained for the direct plot was (0.7 ± 0.5) µM. The values 

are the same which shows how the same binding affinity can be obtained from both the direct 

plot and titration plot. Both titration plots of the aptamer present a sigmoidal model although the 

sigmoidal shape looks less pronounced in Figure 58A compared to Figure 58B. The plots 

indicate that binding occurs between TRP94-2bp and methylene blue yet to accurately quantify 

how tight or weak the binding is, binding affinities can be analyzed from the direct plot (Figure 

34).  
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Figure 58. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

TRP94-2bp aptamer titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit. 

The modelled behaviour of both runs have a sigmoidal-shaped curve. The modelled behaviour of both graphs 

appears consistent even though the sigmoidal shape looks less pronounced in (A) compared to (B). The midpoint of 

the titration plots was identified as A) -6.50 and B) -5.97 which enabled the calculation of Kd values of A) 0.32 µM 

and B) 1.06 µM which gives an average Kd value of (0.7 ± 0.5) µM. The error was determined through standard 

deviation using data collected from 2 experiments.  

 An average Kd value of (1.1 ± 0.2) µM was calculated from the titration plot of DA-5bp 

into methylene blue. This value is nearly the same as the average Kd value obtained from the 

direct plot which was (1.3 ± 0.4) µM. The modelled behaviour of both runs from the titration plot 

has a sigmoidal-shaped curve which makes them appear consistent (Figure 59). From the plot, it 

can be indicated that binding occurs between DA-5bp and methylene blue. Furthermore, to 

accurately quantify the binding affinity, the direct plot (Figure 35) would be a more appropriate 

method of analysis where the titration plot can be used to determine if binding occurs.  
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Figure 59. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

DA-5bp aptamer titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit. The 

modelled behaviour of both runs have a sigmoidal-shaped curve which makes them appear consistent. The midpoint 

of the titration plots was identified as A) -5.89 and B) -6.01 which enabled the calculation of Kd values of A) 1.30 

µM and B) 0.98 µM which gives an average Kd value of (1.1 ± 0.2) µM. The error was determined through standard 

deviation using data collected from 2 experiments. 

  An average Kd value of (1.2 ± 0.3) µM was calculated from the titration plot of DA-3bp 

into methylene blue. The average Kd value from the direct plot was shown to be (1.2 ± 0.4) µM. 

These values are the same which shows how the same binding affinity can be obtained from both 

the direct plot and titration plot. Figure 60A shows a sigmoidal-shaped curve and Figure 60B 

shows a sigmoidal-shaped curve less pronounced as Figure 60A. The modelled behaviour can 

indicate that binding occurs between DA-3bp and methylene blue. Hence, to accurately quantify 

the binding affinity, the direct plot (Figure 36) can be used where binding can be determined 

from the titration plot.  
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Figure 60. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

DA-3bp aptamer titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit. (A) 

shows a sigmoidal-shaped curve and (B) shows a sigmoidal-shaped curve less pronounced as (A). The modelled 

behaviour of both graphs appears consistent. The midpoint of the titration plots was identified as A) -6.03 and B) -

5.86 which enabled the calculation of Kd values of A) 0.93 µM and B) 1.37 µM which gives an average Kd value of 

(1.2 ± 0.3) µM. The error was determined through standard deviation using data collected from 2 experiments. 

 Looking at the Glu1 titration plot, a Kd value could not be calculated and compared to the 

direct plot. The data presented does not fit to a sigmoidal model as both runs of the Glu1 titration 

exhibit a linear modelled behaviour showing that the modelled behaviour of both graphs appear 

consistent. The midpoint of the titration plots was identified as -28.45 for Figure 61A and 14.60 

for Figure 61B where both values do not fall under the range of the x-axis plotted. Therefore, Kd 

values could not be calculated from the midpoints obtained. Thus, this result suggests that a 

direct plot would be more suitable for analysis for the Glu1 titration experiment (Figure 37). 
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Figure 61. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

Glu1 aptamer titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit  however, 

both runs exhibit a linear modelled behaviour and therefore, the modelled behaviour of both graphs appear 

consistent. The midpoint of the titration plots was identified as A) -28.45 and B) 14.60 where both values do not fall 

under the range of the x-axis plotted. Therefore, Kd values could not be calculated from midpoints obtained.  

 When analyzing the Glu-mod12 titration plot, a Kd value of (1 ± 1) µM was calculated. 

For the direct plot analysis, an average Kd value of (2 ± 1) µM was obtained. These values are 

relatively close however, the Kd value obtained from the titration plot is solely based on one 

experiment. Figure 62A appears to have a sigmoidal-shaped curve with very low sigmoidicity. 

The Kd was still calculated from this plot, but Figure 62B did not have a Kd value calculated. A 

hyperbolic curve was shown rather than a sigmoidal-shaped curve making the modelled 

behaviour between the duplicate experiments appear inconsistent. The midpoint of the titration 

plot for Figure 62B was identified as 3.69 which is not a value within the range of the x-axis 

plotted. Therefore, this value was not taken for the calculation of Kd. Hence, the Kd was 

calculated just from Figure 62A. This result suggests that to accurately determine if binding 

occurs and to obtain the binding affinity, the direct plot is more effective (Figure 38).  

 

 

 

 

 

A) 

 

B) 



74 
 

 

 

 

 

 

 

 

 

 

Figure 62. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

Glu-mod12 aptamer titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit. (A) 

appears to have a sigmoidal-shaped curve with very low sigmoidicity and (B) shows a hyperbolic curve rather than a 

sigmoidal-shaped curve. The modelled behaviour between the duplicate experiments is not consistent. The midpoint 

of the titration plot for (B) was identified as 3.69 which is not a value within the range of the x-axis plotted. 

Therefore, this value was not taken for calculation of Kd. The midpoint of (A) was identified as -5.98 which enabled 

the calculation of a Kd value of (1 ± 1) µM. The error was determined through the fit of the curve.  

 In the OTA1-long titration plot, a Kd value of (0.7 ± 0.3) µM was calculated while for the 

direct plot, a Kd value of (0.5 ± 0.5) µM was calculated. This shows that the values obtained are 

relatively close to each other. The graph appears sigmoidal which can indicate that binding 

occurs between the aptamer and methylene blue (Figure 63). However, to accurately quantify the 

binding affinity, a direct plot can be used for analysis (Figure 39).  

 

 

 

 

 

 

 

 

 

A) 

 

B) 



75 
 

 

 

 

 

 

 

 

 

Figure 63. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

OTA1-long aptamer titrated into methylene blue. An attempt was made to fit the titration plot to a sigmoidal fit. The 

graph appears to exhibit a sigmoidal-shaped modelled behaviour where the midpoint was identified as -6.17 which 

enabled the calculation of a Kd value of (0.7 ± 0.3) µM. The error was determined through the fit of the curve. 

In the OTA1 titration plot, a Kd value could not be calculated and compared to the direct 

plot. The data presented does not fit as well to a sigmoidal model as both runs of the OTA1 

titration exhibit a hyperbolic model showing that the modelled behaviour of both graphs appear 

consistent. The midpoint of the titration plots was identified as -10.88 for Figure 64A and -9.74 

for Figure 64B where both values do not fall under the range of the x-axis plotted. Therefore, Kd 

values could not be calculated from the midpoints obtained. It seems that the midpoints 

identified is as if the x-axis were to be extended before the start of the first titration so a 

sigmoidal-shaped modelled behaviour can be observed. Thus, experimental conditions such as 

aptamer concentration can be optimized so that a more accurate midpoint can be obtained. 

Overall, this result suggests that a direct plot (Figure 40) can be used to determine if binding 

occurs and analyze the binding affinity for the OTA1 titration experiment. 
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Figure 64. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

OTA1 aptamer titrated into methylene blue. An attempt was made to fit the titration plots to a sigmoidal fit, but both 

runs exhibit a hyperbolic modelled behaviour. Both modelled behaviours from the graphs appear consistent. The 

midpoint of the titration plots was identified as A) -10.88 and B) -9.74 where both values do not fall under the range 

of the x-axis plotted. Therefore, Kd values could not be calculated from midpoints obtained.  

Looking at the 2G3b titration plot, a Kd value could not be calculated. The data presented 

does not fit as well to a sigmoidal model as the plot exhibits a hyperbolic curve (Figure 65). The 

midpoint was identified as -6.84 which is not a value within the range of the x-axis plotted. 

Therefore, this value was not taken for the calculation of Kd. It seems that the midpoint identified 

is as if the x-axis were to be extended beyond the last titration so a sigmoidal-shaped modelled 

behaviour can be observed. Thus, experimental conditions can be optimized where titrations are 

still performed beyond the set parameters. Hence, this result suggests that a direct plot would be 

a more accurate method for analysis (Figure 41).  
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Figure 65. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

2G3b aptamer titrated into methylene blue. An attempt was made to fit the titration plot to a sigmoidal fit however, 

the plot exhibits a hyperbolic curve rather than a sigmoidal-shaped modelled behaviour. The midpoint of the titration 

plot was identified as -6.84 which is not a value within the range of the x-axis plotted. Therefore, a Kd cannot be 

calculated with the midpoint obtained.  

In the 2G4 titration plot, a Kd value of (0.2 ± 0.2) µM was calculated while an average Kd 

value of (0.22 ± 0.05) µM was obtained from the direct plot. These values are nearly the same 

which shows how both plots represent a very similar binding affinity of 2G4 for methylene blue. 

The titration plot shows a sigmoidal model with low sigmoidicity (Figure 66). Therefore, by 

looking at the graph, it can indicate that binding occurs between the aptamer and methylene blue 

however, to quantify how tight or weak the binding is, a direct plot (Figure 42) can be used. 

 

 

 

 

 

 

 

 

Figure 66. Normalized fluorescence intensity of methylene blue at ɚem= 683 nm versus log of concentration of the 

2G4 aptamer titrated into methylene blue. An attempt was made to fit the titration plot to a sigmoidal fit. The graph 

appears to have a sigmoidal-shaped curve with low sigmoidicity where the midpoint was identified as -6.72 which 

enabled the calculation of a Kd value of (0.2 ± 0.2) µM. The error was determined through the fit of the curve.  

 

 


























