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Abstract 

Since its first report in 1990, aptamers have been utilized in biosensor modeling technologies. One 

of the most important advantages of using aptamers is the structural flexibility and thermal stability 

of nucleic acids. These structural merits enable aptamers to be linked on solid surfaces, attached 

to chemical labels, or extended to build nanostructures for advanced therapeutic and diagnostic 

modeling purposes. The cocaine-binding aptamer was originally selected through a systematic 

evolution of ligands by exponential enrichment (SELEX) method to select cocaine molecules from 

cocaine metabolites in biological solutions. However, the aptamer showed binding to quinine and 

other antimalaria drugs tighter than its original ligand, cocaine. 

 

Work presented in this dissertation demonstrate how the cocaine-binding aptamer can be 

exploited as a model system for the structural analysis of aptamers using biophysical techniques 

including fluorometry methods. The results discussed in this study demonstrate how intrinsic 

fluorescence of ligands was exploited for aptamer-ligand binding and thermal stability analyses. 

Furthermore, photoisomerization of stilbene coupled with ligand-induced binding mechanism of 

the cocaine-binding aptamer were employed for the development of the Photochrome Aptamer 

Switch Assay. 

 

This research aims to gain insight into how aptamers interact with their ligands by utilizing 

the fluorescence properties of the ligands. Investigating the binding mechanisms of aptamers is 

essential in sensing technology since biosensors yield greater analytical sensitivity upon ligand-

induced structural changes. 
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Chapter 1: Introduction 
 

1.1 Preface 

This chapter includes an introduction to the concept of aptamers and biophysical techniques used to 

study aptamers. Presented materials in this chapter and subsequent chapters including discussions, 

results, figures, tables, and illustrations were produced by the author of this dissertation unless 

referenced or stated otherwise. 

 
1.2 Introduction to Aptamers 

Aptamers are a wide class of single-stranded oligonucleotides with the ability to bind various 

targets ranging from small molecules to macromolecules. The aptamer-target interaction can take 

place in vitro or in vivo [1,2]. By targeting specific macromolecules located on the cell membrane, 

aptamers are capable of identifying whole cells. The aptamer-target interaction is often specific 

with a high affinity [3]. Although there is no formal limit on the length of aptamers, the construct 

sequences can be extended up to 100 nucleotides in either RNA, DNA, or a chimeric form. While 

most of aptamers are chemically synthesized in vitro, they naturally exist in vivo and have been 

reported in riboswitches and ribozymes [4,5]. 

 

The process of in vitro selection of aptamers was first introduced by Craig Tuerk and Larry 

Gold in 1990, when Tuerk and Gold aimed to isolate ssRNA molecules that can bind T4 DNA 

polymerase gp43 protein from a randomly calculated pool of ssRNA sequences holding over 

65,536 possible combinations [1]. This process generated only two ssRNA molecules capable of 

strong binding to the target (T4 DNA polymerase gp43 protein) with similar affinities. One of 

these two ssRNA molecules was, in fact, the wild-type sequence in the native mRNA hairpin 
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structure [1]. While Craig Tuerk and Larry Gold named their protocol as Systematic Evolution of 

Ligands by Exponential Enrichment (SELEX), Andrew Ellington and Jack Szostak formulated the 

term ‘aptamer’ from a Latin-Greek motto of ‘aptus meros’ meaning fitting part for their candidate 

RNA molecule, which was selected form ten billion random sequences to specifically bind the 

target organic dyes [2]. 

 

In the beginning stages of aptamer selection, it was thought that RNA molecules were the 

only oligonucleotide candidate since RNA molecules are structurally more diverse than DNA 

molecules due to inherently dynamic RNA motifs [6]. However, Ellington and Szostak introduced 

the first DNA aptamer and showed that DNA aptamers are more sequence- and ligand-specific 

than RNA aptamers [7]. In addition to DNA and RNA aptamers, Colas et al. adapted the traditional 

yeast two-hybrid system and selected the first peptide aptamer from a library of three billion inert 

scaffold proteins for a specific and sensitive in vitro and in vivo target interaction [8,9]. Though, 

the utilization of peptide aptamers has remined infrequent due its complicated production and 

similarities to well-stablished methods for monoclonal antibodies [10–12]. In this work unless 

specified otherwise, the term aptamer is used to refer to conventionally known nucleic acid 

aptamers. Also, required standards for aptamer research outlined by MAPS were applied [13]. 

 

The advantages of DNA aptamers are that they are chemically and thermal stable and can 

renature after chemical or thermal denaturation as long as their phosphodiester bonds are 

unaffected [14,15]. Additionally, aptamers can be chemically modified with amino and/or thiol 

linker at either or both 3’ or/and 5’ ends. These modifications can further be employed for covalent 

attachment of aptamers to fluorophore reporters, nanoparticles, or solid surfaces [16–20]. On the 
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other hand, the challenge of using aptamers is that what sequences to include in the initial random 

pool of SELEX [4,21]. The original SELEX method, as illustrated in Figure 1.1, was based on 

three steps of selection, separation, and amplification [1]. Several optimization and modification 

steps have been added to SELEX to enhance the target specificity and affinity of aptamer selection. 

For instance, Counter SELEX method supplies an extra step, where undesirable ligand analogs are 

added to the retained sequences to remove non-specific sequences from each cycle [22]. Table 1.1 

lists methods of SELEX optimization and modification techniques available in the literature. 

  

 

Figure 1.1 Diagram of SELEX process. First, the target ligand exposed to an initial library of 
aptamer sequences and incubated under the desired condition. For instance, human serum if the 
target of interest is aimed to be selected in human serum or plasma. Next, non-binding sequences 
are removed during the wash and bound sequences are collected and amplified using PCR, and re-
exposed to the initial target of interest. This cycle is repeated several times. Finally, the bound 
aptamers are sequenced to retrieve the primary structure of the aptamer. Further optimization and 
characterization of aptamers can be conducted once the primary structure is known. 

Target

Only some sequences 
bind to the target

Non-binding 
sequences are 
removed during
washing process

Binding sequences 
are eluted off the target

Remaining sequences
are amplified by PCR

The cycle is repeated 10-15 times 
to select for the strongest binding 
sequence to the target

Initial library 
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Table 1.1 List of SELEX optimization and modification techniques available in the literature. 
Method Brief description Reference 

Capture SELEX Immobilizes the oligonucleotides instead of the target 
molecules during the aptamer selection process. [23,24] 

Cell-SELEX Targets cell surface transmembrane proteins for cell-
specific aptamers. [25,26] 

Counter SELEX 
Uses ligand analogues to generate aptamers without 
co-affinity for small molecule analogues. [22] 

Non-SELEX 
Employs a highly efficient affinity method 
(NECEEM) with repetitive steps of partitioning 
without amplification in between. 

[27,28] 

Flu-Mag SELEX 

Uses immobilization of streptavidin-coated magnetic 
beads with biotinylated molecules to select DNA 
aptamers for targets with very different properties and 
size. 

[29,30] 

Silico SELEX Applies computational and theoretical tools to 
emulate aptamer selection experiments in silico [31] 

μFFE-SELEX 
Involves a perpendicular electric field for the selection 
method. [23] 

GO-SELEX Utilizes graphene oxide to enhance screening [32] 

Sweep-CE-SELEX 
Uses a non-stopped-flow method to measure 
bimolecular rate constant of complex formation 
between protein and DNA. 

[33] 

Spiegelmers Uses L-ribonucleic acid aptamer due to highly 
resistant conformation against nuclease degradation. [34,35] 

SOMAmers 
Develops high throughput assays for triaging 
biomarker candidates against large clinical sample 
collections. 

[36–39] 

Thioaptamers Enhances aptamer immobilization techniques on solid 
surfaces. [40] 

X-aptamers 
Enhances immobilized aptamer binding to the target 
protein by up to 23-fold, and increasing affinity 
toward drugs by a million-fold 

[41] 
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1.2.1 Ligand binding specificity 

Aptamers often bind their ligands with high affinity and specificity [42,43]. This type of binding 

property is not exceptionally novel since proteins, as seen in antibodies, have been evolved to have 

ligand specificity and affinity toward their targets [44,45]. In fact, what makes DNA aptamers 

interesting macromolecules for target recognition studies are their robustness, stability, sensitivity, 

low immune response, and their capability of having different binding mechanisms [15,46,47]. 

 

Aptamers can be chemically synthesized in vitro, which enables aptamers to be 

commercially available [48]. This is particularly beneficial to research facilities as labs can 

dedicate their time and resources more efficiently on the research objectives rather than making 

aptamers in the lab. Thus, the ruggedness factor for the obtained results is improved. The 

robustness of a method is an evaluation of its capacity to remain unchanged by small, but 

methodical, variations in the procedure parameters. The ruggedness of an analytical method 

indicates the degree of reproducibility of test results using the same analytes with different 

analysts, instruments, and laboratories [49].  

 

Aptamers have a reversible structural stability model in a sense that aptamers, especially 

DNA aptamers, can be denatured-renatured thermally and chemically many times as long as their 

primary structure is unchanged [14,15]. Aptamers can be selected to be sensitive to small 

molecules and are able to distinguish very similar small molecule analogs whereas antibodies are 

not as sensitive against small molecules as aptamers [50]. Antibodies need to be combined with a 

conjugate complex molecule to increase the sensitivity against small molecule targets [51]. On the 

other hand, aptamers do not cause severe immune responses in the host, which makes aptamers to 
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be great candidates for in vivo applications [15,46,47]. Moreover, having a variety of structural 

motifs such as pseudoknots, G-quartets, hairpins, and loops, either without the ligand or induced 

by the ligand, enables aptamers to have different binding mechanisms. These binding mechanisms 

are governed by non-covalent interactions such as hydrogen bonds, electrostatic interactions, van 

der Walls forces, and hydrophobic interactions (p-p stacking and intercalation) [52,53]. Figure 1.2 

illustrates diagrams of the main structural motifs of aptamers and their target ligands [54–60].  

 

1.2.2 The cocaine-binding aptamer 

The cocaine-binding aptamer was originally selected by Stojanovic et al. in 2000 using SELEX to 

distinguish cocaine from cocaine metabolites. As shown in Figure 1.3, the original cocaine-binding 

split-aptamer constructs contained 43 nucleotides with a dissociation constant (Kd) of 5 μM at 

room temperature [61]. Additional studies of Stojanovic et al. showed that the MNS 4.1 aptamer 

(38 nucleotides) was partially folded in free state and becomes fully structured in cocaine-bound 

Figure 1.2 Schematic diagrams of the secondary structure motifs of aptamers. (A) Pseudoknot, in 
the HIV-1 reverse transcriptase aptamer [54]. (B) G-quartet, in the thrombin aptamer [55]. (C) 
Loop and (D) Loop/bulge, in the ATP aptamer [56]. (E) Hairpin, in bacteriophage T4 polymerase 
aptamer [57]. (F) Three-way junction, in the cocaine-binding and cholic acid binding 
aptamers [58,59]. (G) Triple helix (a.k.a. triplex), in the codeine-binding aptamer [60]. 

(A) (B) (C) (D)

(E) (F) (G)
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state with a Kd range of ~0.4-10 µM at room temperature. Also, the F7.9D aptamer 

(30 nucleotides) becomes folded in presence of cocaine with a Kd of 100 µM at room 

temperature [62,63]. 

 

Sequence and binding optimization studies by Neves et al. provided evidence for the 

optimized variants of the cocaine-binding aptamer. Neves et al. used Isothermal Titration 

Calorimetry (ITC) and Nuclear Magnetic Resonance (NMR) spectroscopy methods to confirm the 

three-way junction (3WJ) structure and show sequences of stem 1 were essential for ligand 

binding, and that having 4 base pairs (bp) in stem 1 is the minimum number of sequences required 

for the aptamer to fold in the absence of ligand (Figure 1.4). Neves et al. also showed stem 2 has 

Figure 1.3 Self-assembly of two aptamer constructs in the absence and presence of cocaine. 
Dabcyl quencher is covalently attached to 3’ end and denoted as D, and 6-FAM fluorophore to 5’ 
end displayed as F, which is excited at 472 nm. When split aptamers are free of cocaine, the 
fluorescence of 6-FAM is detected at 518 nm. When bound to cocaine, dabcyl quenches the 
emitted fluorescence of 6-FAM. Experiments were performed in 20 mM Tris (pH 7.4), 140 mM 
NaCl, 5 mM KCl, 1 mM MgCl2 at room temperature (presumably 20 °C to 25 °C) [61]. 
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only Watson-Crick base pairs while stems 1 and 3 include two non-canonical AG base pairs and a 

mismatched thymine (T20) in the absence of the ligand. This optimized variant of the cocaine-

binding aptamer (MN4) has 36 nucleotides, is pre-folded in the absence of ligand, and binds 

cocaine ligand with Kd of 5 μM at 15 °C [58,64,65].  

 

Ligand specificity of the cocaine-binding aptamer was studied by Reinstein et al. and 

Stojanovic et al. Their studies showed the cocaine-binding aptamer has a binding promiscuity 

toward quinine with a 50-fold tighter affinity (Kd = 0.11 µM at 15 °C) as opposed to that of with 

cocaine [66,67]. Moreover, findings of Slavkovic et al. confirmed that the cocaine-binding 

aptamer binds other quinidine alkaloid ligands such as chloroquine with higher affinity than it does 

against cocaine and quinine. Competitive ligand displacement analyses verified that quinine and 

cocaine ligands compete for the same binding site [68,69]. Also, Churcher et al. employed NMR 

techniques to quantify imino exchange rates of the cocaine-binding aptamer variants (MN4 and 

MN19). The MN19 construct is shorter than MN4 by three canonical base pairs in stem 1. 

Churcher et al. showed that the MN19 aptamer is loosely folded in the absence of ligand and 

adding ligand would cause the aptamer to fold [70]. 

 

1.2.3 Applications of aptamer-ligand binding studies 

The exploitation of aptamers in biosensors has exposed great sensitivity and often specificity of 

recognition due to the structural dynamics, flexibility and affinity of nucleic acids [71]. The 

aptamer’s alternative affinity for quinidine alkaloids and steroids have enabled this aptamer to be 

employed as an outstanding experimental three-way junction (3WJ) binding model. The cocaine-

binding aptamer has several sequence variants including MN4, MN19 and SS1 aptamer 



 

 

9 

constructs (Figure 1.4). The MN4 and SS1 aptamers are each formed of the same nucleotides. 

Except, two AG base pairs at the three-way junction are switched to GA in SS1 showing the 

 
 
Figure 1.4 Structures of DNA aptamers (A-D) and ligands (E) discussed in this chapter. Dashed 
lines between nucleotides indicate Watson-Crick base pairing in the secondary structure, whereas 
diamonds show non-canonical the AG base pairs. Solid lines display the phosphodiester bonds in 
the backbone of the aptamers. The 3D structure shown in (B) is a predicted crystal structure of 
MN4 with 1.81Å resolution using DeepRNAFold software [224]. 
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sequence specificity of the ligand binding at the three-way junction. This binding hinderance 

enables SS1 to be utilized as a negative control for binding analyses [58,64,68,72]. 

 

The three-way junction (3WJ) structures are naturally occurring motifs in RNA and DNA 

molecules. Extending three helical stems around a flexible and highly localized electron density 

junction core, utilizes single stranded nucleic acid molecules (especially rRNA) with additional 

functionality and stability. The 3WJs can either hold a symmetrical (Y-shaped) or an 

unsymmetrical (T-shaped) structure, with the stems radiating equilaterally around the core [62,73]. 

 

The secondary structure of a known three-way junction construct (TWJ11) with the MN4 

aptamer shows conformational similarities in terms of having two unpaired bases and a pseudo-

loop (Figure 1.4, dinucleotide bulge) at the core, where two stacked stems are capped with 

loops [74,75]. In additions to three-way junction motifs, aptamers with G-quadruplex structures 

have also presented promising functionality in the detection of small molecules such as 

ochratoxin A, serotonin, dopamine, malachite green as well as macromolecule ligands such as a-

thrombin protein or bacteriophage T4 polymerase [43,57,76–79]. 

 

1.3 Introduction to Fluorescence 

During my last attendance at the Aptamers Conference in Oxford, U.K., I visited the History of 

Science Museum and Manuscript Treasures Exhibition at the British Library. Having learned 

fascinating new materials about the history of fluorescence from these exhibitions behooved me 

to include this section to express how discovery-driven investigations has helped the scientific 

community to understand the fundamentals of what we know it today as fluorescence. 
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Mystical blue water 

The earliest record of fluorescence goes back to the Aztecs. Nicolás Monardes, a Spanish physician 

and botanist and Bernardino de Sahagún, a Spanish ethnographer, independently reported in 1565 

that Aztec healers mixed woods of a small Mexican tree (coatli) with water to give a bluish 

opalescence colour. The solution was called “Matlali”, meaning the blue water, and used as a 

medicine. A decade later, another botanist Charles de L’Écluse reported medicinal benefits of the 

blue water for kidney stone and renal pain relief [80]. He named the coatli plant as Lignum 

Nephriticum. Athanasius Kircher, a German pioneer, described his remarks of the blue water 

extracted from L. nephriticum as: 

“Light passing through an aqueous infusion of this wood appeared more 

yellow while light reflected from the solution appeared blue.” [81] 

 

Many scientists, including Boyle, Newton and Herschel, attempted to identify the active 

reagent of the coatli plant responsible for the mystical blue colour and the phenomenon behind it 

for almost three centuries [82]. Robert Boyle (1664) investigated the blue colour phenomenon in 

great detail. He noted that after several infusions, the coatli wood lost its ability to produce blue 

color in water and determined it was due to the effect of some “essential salt” in the wood. Boyle 

also documented that by adding acidic solutions the blue color disappeared, whereas the addition 

of base returned the blue colour [83]. In 1915, extremely fluorescent glucosyl-hydroxichalcones 

were isolated from Eynsemhardtia polystachia (another member of the Mexican coatli plant) to 

have anti-inflammatory effects[84]. Finally, Acuña et al. (2009) discovered that the original blue 

emission described by Aztec people was due to the cyclization process of coatline B compound 

under a slightly alkaline condition with a maximum emission wavelength at 466 nm and strong 
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quantum yield of 0.8, an analogous yield to what is known about fluorescein. A very similar 

conversion is observed in naturally occurring catecholamines such as dopamine in slightly basic 

conditions [82,85]. 

 

Sunstone 

Vincenzo Casciarolo, an Italian pioneer, discovered in 1603 that after baking a specific type of 

stone a purple-blue light was emitted. He named the stone lapis solaris (sunstone). This discovery 

created a debate between scientists and philosophers [80]. Galileo, famous Italian scientist, 

described the emission of light from the sunstone as: 

“It must be explained how it happens that the light is conceived into the stone, 

and is given back after some time, as in childbirth.” [81] 

The phenomenon of the purple-blue light in the sunstone was likely due to the phosphorescence 

of barium sulfate salt. 

 

Dispersion 

In 1833, David Brewster observed the production of a red light when a white light passed through 

an alcoholic solution of fresh leaves. Brewster thought the effect was due to the “dispersion” of 

light. In fact, the red light was the emission of chlorophyll fluorescence [80]. 

 

Phosphoroscope 

Edmond Becquerel built the first phosphoroscope in 1842 and measured the phosphorescence 

decay time of calcium phosphate. He reported that the emission of phosphorescence followed at a 

wavelength longer than the ultraviolet light [81]. 
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Epibolic dispersion 

John Herschel published the first observation of fluorescence in quinine sulfate solutions in 1845. 

In his paper “On a Case of Superficial Colour presented by a homogenous liquid internally 

colourless.”, Herschel named the phenomenon as “epibolic dispersion” [86]. 

Beautiful celestial blue colour 

George Gabriel Stokes published his results in a response to John Herschel in more than hundred 

pages in a single article in 1852. Stokes described the phenomenon observed by quinine sulfate as 

a “dispersive reflection”. Stokes employed a prism to disperse the sunlight. He reported that there 

was no effect when quinine solution was exposed to the visible range of the sunlight. Instead, “a 

beautiful celestial blue colour” appeared when the solution was exposed to the ultraviolet region 

of the sunlight as Stokes wrote: 

“It was certainly a curious sight to see the tube instantaneously lighted up 

when plunged into the invisible rays: it was literally darkness visible. 

Altogether the phenomenon had something of an unearthly appearance.” [87] 

In the same paper, Stokes invented the term “fluorescence” for the first time to describe the 

unknown phenomenon as: 

“I confess I do not like this term. I am almost inclined to coin a word, and call 

the appearance fluorescence, from fluor-spar, as the analogous term 

opalescence is derived from the name of a mineral.” [87] 

The term Stokes Shift was also named after George Stokes since he described the displacement of 

a fluorescence wavelength to a longer wavelength than it was excited at. Furthermore, Stokes was 

the first scientist to utilize fluorescence as an analytical application to detect substances in 1864. 

He was also the first scholar to allocate a section of his lectures to teach fluorescence at the 

University of Cambridge [81]. 
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1.4 Fluorescence Spectroscopy  

Fluorescence spectroscopy and spectrophotometry (a.k.a., fluorimetry, fluorometry) are often used 

interchangeably. Spectrophotometry is the study of quantitative measurement of the spectrum and 

the interaction between matter and irradiated energy whereas spectroscopy is the theoretical study 

of light and radiation by matter [88]. 

 

Fluorescence spectroscopy is a sensitive method that measures the emitted radiations from 

a substance when exposed to light. The principle of fluorescence spectroscopy in the UV-visible 

range is based on the relaxation of an excited small molecule or macromolecule to a lower energy 

state (usually the ground state) through emission of a photon without a change in the electronic 

spin. When the initial and final states have different spin multiplicity, the phenomenon is called 

phosphorescence [88]. The fundamental mechanism for the processes in which the 

electromagnetic energy of the photon is studied can be explained by Planck’s law, 

     𝐸"#$%$& =
#(
)

      Eq. 1.1 

where h is Planck’s constant (6.6 × 10-34 J∙s), c is the speed of light in a vacuum (3.0 × 108 m∙s-1), 

and λ is the corresponding wavelength of the incident light. The intensity of light is stated as energy 

per units of area per time (W∙cm-2), and it is inversely related to the wavelength of the incident 

light [89]. Considering light absorption by reagents, a thin cross-section area (𝜎) with a thickness 

of dx containing n molecules capable of absorbing light has a rate of change of light absorption 

proportional to the incident light intensity (Io) and both 𝜎 and n according to the Beer-Lambert 

Law: 

./

.0
= −𝐼$𝜎𝑛      Eq. 1.2 
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Further integration and rearrangements of the Beer-Lambert Law yield to the commonly 

used Beer-Lambert equation: 

𝐼% = 𝐼$1067ℓ9      Eq. 1.3 

where It is the transmitted intensity, 𝜀 is the molar absorptivity (extinction coefficient) of species 

at a specific wavelength, ℓ is the path length of a cuvette cell, and C is the molar concentration of 

species. The product of	(εℓC) is often denoted as the optical density, light absorbance, or 

absorption in arbitrary units (a.u.). 

 

The energy of UV-visible light can be absorbed by molecules through one or multiple 

paths: sigma bonds, non-bonding electrons, and 𝜋 systems [89,90]. As illustrated in Figure 1.5, the 

absorption of light reduces the electronic population in the lowest singlet energy state (S0) and 

surges the electronic population to next excited states (S1, S2…). After this excitation, an extremely 

fast vibrational relaxation will occur in femtosecond timescales, which is often detectable using 

infrared spectroscopy. Then decay of S1 to S0 occurs through one of the four available 

paths [91,92]: 

1. Radiative transitions, which is the loss of excess electronic energy through the emission of 

photons. This radiative transition is referred to as fluorescence.  

2. Intersystem crossing, which involves with a change in the spin of the electronic state from 

singlet to triplet (T1). This transition occurs in µs to seconds and is called phosphorescence. 

3. Internal conversion, or non-radiative decay, which involves with a high vibrational relaxation 

through bond conversion or isomerization.  

4. Collisional quenching, which involves with the collision of the excited compound to other 

species capable of absorbing energy in the same dipole moment as with the excited state. 
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The decay of energy in each of these four processes follows with a first-order kinetic rate 

expression as illustrated in Figure 1.5. Since under constant irradiation the concentration of 

intermediate will not change, the differential rate expression for S1 can be studied applying the 

steady-state approximation. Hence, the technique is called steady state fluorometry, by which the 

fluorescence intensity (𝐹)) at a specific emission wavelength (𝜆CD) is quantified as: 

𝐹) = (ln10)IH𝜀)ℓCΦJk      Eq. 1.4 

where ΦJ is the fluorescence quantum yield (quantum efficiency) of the compound, and k is the 

proportionality constant [89]. In dilute solutions where compounds are equally exposed to Io 

 
 
Figure 1.5 Illustration of a Jablonski Diagram depicting an example of possible excitation and 
relation pathways and rate expressions. Dotted lines show rotational levels. For instance, the UV 
light irradiations can excite a ligand from its singlet ground state (S0) to the singlet excited states 
(S1, S2) in femtosecond timescale. The surplus excited energy from non-radiative relaxation 
processes instantly goes through radiative processes resulting fluorescence in ns-µs timescale, or 
phosphorescence in milliseconds to minutes at longer wavelengths, or lower energy states, than 
the excitation light [94,225]. 
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irradiations, fluorescence is linearly proportional to concentration. However, fluorescence 

emissions become logarithmic and eventually remain unchanged when the concentration of 

fluorophore or the excitation intensity is extremely increased. This is known as the maximum 

threshold of the Beer-Lambert equation because the mathematical limit of fluorescence 

intensity (𝐹)) in Eq. 1.4 as concentration approaches infinity is equal to a constant number [88,93]. 

 

1.4.1 Fluorescence polarization  

Fluorescence emission from a dynamic fluorophore can become linearly polarized when it is 

excited with the plane-polarized irradiations. The level and the angle of emission polarization 

depends on the molecular size, motion and steric hinderance of the fluorophore in the solution [94]. 

This change in the plane-polarized fluorescence is measured and characterized by fluorescence 

polarization (P): 

P = MNN6MNO
MNNPQMNO

       Eq. 1.5 

where Ivv and Ivh are the fluorescence intensities detected upon vertical (v) and horizontal (h) 

excitations under parallel (vv) and perpendicular (vh) planes of polarization, and G determines the 

instrumental grating factor (Ivh/Ihh). Similarly, fluorescence anisotropy (r) is defined as the ratio of 

the polarized component to the total intensity of light to avoid having negative values for the 

analysis [95,96]. 

 

These two polarization techniques differ from linear or circular dichroism (CD) 

spectroscopy because dichroism employs transmitted light based on the inherent chirality of a 

reagent whereas fluorescence polarization and anisotropy use emitted light, which depends on the 

isotropic nature of light, local environment, and molecular dynamics of the analyte [97,98]. 
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1.4.2 Photoisomerization analysis 

Investigations into photoisomerization reaction mechanisms have a long history in the theoretical 

and experimental studies. For instance, the cis-trans isomerization of retinal, a polyene molecule, 

attached to bacteriorhodopsin proteins controls a phototransduction cascade, where the absorption 

of light is converted to an electrical signal [99]. Similar to retinal, stilbene (1,2-diphenylethene) 

molecule has photoisomerization property with an additional property of being a fluorophore. The 

cis-trans photoisomerization of stilbene (1,2-diphenylethene) fluorophore was first introduced in 

1931, and since then biochemical applications of stilbene photoisomerization have been widely 

recognized. For instance, stilbene is used in radiation detectors, gamma spectroscopy, and 

fluorescence enhancers [100].  

 

Advantages of stilbene include chemical and biological stability, low toxicity, synthetic 

robustness, high photochemical sensitivity, prompt and measurable radiation response, and easy 

regeneration. Though, the drawback is that stilbene is insoluble in aqueous solutions. Thus, water 

soluble stilbene derivatives like stilbene-maleimides, 4-acetamido-4'-isothiocyano-2,2'-disulfonic 

stilbene (SITS), or 4,4'-diisothiocyano-2,2'-disulfonic stilbene (DIDS) are generally used in 

biochemical experiments [101,102]. Utilization of stilbene derivative, SITS, in aptamer studies 

was first introduced by Zhou et al. using the malachite green RNA aptamer in the development of 

a photochrome aptamer switch assay (PHASA), where the aptamer-SITS was excited at 340 nm 

in a buffered aqueous solution and the fluorescence emission kinetics were detected at 

428 nm [103]. As it will be discussed in Chapter 5, the cocaine-binding aptamer is the second 

aptamer model to report aptasensor applications with SITS. 
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1.5 Ligands 

Cocaine and quinine were used for fluorometry assays presented in subsequent sections because 

they are intrinsically fluorescent, and their binding analyses with the cocaine-binding aptamer have 

been already confirmed using non-fluorometry techniques such as NMR and ITC [64,104]. Some 

background information about these two ligands is provided in this section. 

 

1.5.1 Cocaine 

Benzoylmethylecgonine (cocaine) is a tropane alkaloid that is extracted from leaves of coca plant. 

Cocaine is structurally similar to atropine and pyrrolidine alkaloids (i.e., nicotine), and it is a 

widely abused psychostimulant drug that has sympathomimetic properties [105,106]. 

Sympathomimetic drugs are used to treat the cardiac arrest and low blood pressure, as they are 

stimulant compounds mimicking the effects of endogenous agonists of the sympathetic nervous 

system (i.e., increased heart rate, force of cardiac contraction, and blood pressure). The primary 

endogenous agonists of the sympathetic nervous system are the catecholamines and phenylamine 

(e.g., dopamine, serotonin, adrenalin, epinephrin), which function as both neurotransmitters and 

hormones [107]. 

 

Cocaine is used recreationally to increase alertness, relieve fatigue, and increase self-

confidence and is abused due to its intense euphoric effects. Cocaine is among the most abused 

illicit drugs, used annually by 0.3–0.4% of the world population aged 15–64 years [108]. Street 

samples of cocaine include cocaine sulfate and cocaine hydrochloride salts and may be mixed with 

heroin, tobacco, marijuana, and/or levamisole to increase psycho-stimulative effects or illicit 

profits [109,110]. Cocaine is a thermolabile compound and degrades to the formation of the 
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metabolite anhydroecgonine methyl ester at 65 °C or above. All forms of cocaine salts and 

metabolites such as benzoylecgonine are neurotoxic due to their lipophilic property [111–113]. 

 

1.5.2 Quinine 

Quinine ([-]-6'-Methoxycinchonidine) belongs to the naturally occurring β-carboline cinchona 

alkaloid group, which was originally extracted from the bark of cinchona trees. Quinine is a 

stereoisomer of quinidine and has been used for the treatment of malaria since 1633. Quinine is 

inexpensive and non-illicit compared to regulated cocaine compound and has been used for many 

 

 

Figure 1.6 Blue emission of quinine. Shown photo demonstrates fluorescence emission of a 
diluted quinine hemisulfate sample (10 µM) in a mild acidic solution of sulfuric acid at room 
temperature under UV light (long wavelength range, 360 nm). 
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years to add a bitter flavour in some soft alcoholic beverages (at a concentration of ~0.2 mM) and 

to a small extent in flour confectionery. Most importantly, quinine has fluorescence properties and 

was the first standard fluorophore reported in 1845 (Figure 1.6) [86,114]. Like quinine, other 

quinidine alkaloid antimalaria drugs such as chloroquine, mefloquine, amodiaquine, and 

primaquine have similar intrinsic fluorescence properties [115] that are discussed in Chapter 2 for 

the development of an intrinsic fluorescence detection method for the aptamer-target binding 

analyses.  

 

It is worth noting that the inherent fluorescence properties of DNA and RNA aptamers 

differ from the quinine’s fluorescence properties. Nucleic acids absorb UV light at 260 nm and 

emit weak fluorescence at ~327 nm [115,116]. This difference in intrinsic fluorescence is 

employed to develop a fluorimetry method in order to quantify binding affinity of ligands precisely 

and conveniently (i.e., quinine, cocaine, methylene blue, ochratoxin A, antimalaria drugs with 

DNA aptamer). This intrinsic fluorescence method is beneficial since it overcomes the sensitivity 

limitations associated with non-fluorescence techniques like NMR and ITC. 

 

1.6 Thesis Project 

The exploitation of aptamers in biosensing technology is expanding rapidly due to the ease of 

aptamer selection with high sensitivity and often great specificity of target recognition. The 

structural flexibility and thermal stability natures of nucleic acids enable aptamers to be utilized 

for sensing purposes. However, there is little known about the function, binding mechanism, or 

structural elucidation of aptamers. The general goal of this study is to gain insight about how 

aptamers interact with their selected ligands. 
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To achieve my objectives, I utilize available biophysical techniques including steady-state 

fluorescence, emission kinetics decay, and fluorescence anisotropy to develop a detection method 

for aptamer-ligand binding analyses based on the inherent fluorescence of ligands. I intend to 

employ the intrinsic fluorescence of ligands to develop a differential fluorometry thermal 

denaturation assay. I use the cocaine-binding aptamer as a model system to analyze the 

characterization of interactions between the cocaine-binding aptamer variants and the small 

molecule targets. 

 
The cocaine-binding aptamer was originally selected to distinguish cocaine molecules from 

cocaine metabolites in biological solutions though the aptamer’s alternative affinity for quinidine 

alkaloids and some other ligands have enabled this aptamer to be employed as an outstanding 

experimental three-way junction DNA model. Furthermore, I aim to exploit the photo-

isomerization property of stilbene compound to study the ligand-induced binding mechanism of 

the cocaine-binding aptamer and demonstrate some analytical applications of the photochrome 

aptamer switch assay for the detection of artemisinin, an antimalaria drug, and levamisole, which 

is a hazardous compound added in illicit cocaine samples. 

 

The work postulated in this dissertation coupled with my collaborative work provide 

valuable insight into the function and structure of the studied aptamers, and I hope this will be a 

step-up move for future studies of structural elucidation of aptamers. 
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Chapter 2: Fluorometry protocol for aptamer binding analysis 
 

2.1 Preface 

Presented work in this chapter has been submitted for a peer-reviewed publication as a method 

protocol article [117]: 

• Shoara, A.A., and Johnson, P.E. (2022) Fluorometry Studies of Aptamers That Bind 
Intrinsically Fluorescent Ligands: Techniques, Obstacles, and Optimizations. Aptamers 
(Submitted). 

 

2.2 Introduction 

Common extrinsic fluorescence detection techniques with aptamers involve the addition of a 

fluorescent or quencher label to the aptamer. However, adding labels can affect the structure of the 

molecule [61]. This chapter presents a detection method for aptamer-ligand binding analysis that 

is based on the inherent fluorescence of the ligand. In this protocol, I describe my methods and 

protocols that I employed for using ligand fluorescence quenching to quantify the binding affinity 

of the cocaine-binding aptamer (MN4 construct; Figure 2.1) with great sensitivity, accuracy, and 

precision. I used quinine, cocaine, and tetracycline because they are intrinsically fluorescent 

ligands, and their binding and structural analyses with nucleic acid molecules have been previously 

studied (Figure 2.1) [58,118]. The drawback of using intrinsic fluorometry is that the ligand of 

interest may have weak or no intrinsic fluorescence property. Also, some extreme experimental 

conditions may affect the intrinsic fluorescence property of the ligand. For these instances, I 

utilized fluorescence anisotropy and photoisomerization properties that are independent of 

absolute magnitude of fluorescence intensity of ligands. These techniques are further discussed in 

chapters 5-6. 
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2.3 Materials and Methods 

2.3.1 Instruments 

Fluorescence and UV-visible procedures are performed using Agilent Cary Eclipse and Agilent 

Cary 100 spectrophotometers. Both spectrophotometers are equipped with xenon flash lamps and 

linked to separate Peltier thermostatted cell holders allowing simultaneous temperature control for 

multiple samples. The chemical and physical properties of cuvettes (e.g., plastic or quartz) used 

Figure 2.1 Structures of the ligands and the DNA aptamers used in this chapter. Dashed lines 
between nucleotides indicate Watson-Crick base pairing in the secondary structure, whereas 
diamonds show non-canonical the AG base pairs. Solid lines display the phosphodiester bonds in 
the backbone of the aptamers. 

A
T

C
G

C
G

A
T
T

A

A A

A

C

C
G

T
A

G
C

G
C

G
C

G
C

A

G

G

AT

CG

G
A

A

5 10

25

30

35

5'

A
T

C
G

C
G

A
T

T

A

A A

A

C

C
G

T
A

G
C

A

G

G

AT

CG

G
A

A

MN4 MN19

25

30

5 10
3' 5'

3'

stem 1

stem 2

stem 3

stem 1 stem 2

stem 3

A

T
C

G

C

G
A

T
T

G

A A

A

C

C

G
T

A
G

C
G

C
G

C

G

C

G

A
A

A

T

C

G

GA
A

5
10

25

30

35

3'

5'

SS1

20 20

20

OH O OH

OH

NH2

H
CH3

H

OH

NHO
CH3H3C

O O

Cocaine

Quinine

Tetracycline

O

O NH+

CH3O OH3C

N

NH+HO

O
H3C



 

 

25 

for experiments can impact results. Plastic cuvettes should be avoided when using an organic co-

solvent and when working at high temperatures [119]. The perpendicular profile of excitation and 

emission beams requires the cuvette to be three- or four-windowed. DNA and RNA aptamer 

constructs can be purchased commercially with standard desalting purification. The cocaine-

binding aptamer (Figure 2.1, MN4 and MN19) were used in this protocol. Buffer solutions were 

prepared using distilled deionized Milli-Q water (ddH2O). Since the ionic strength of the solution 

has a quenching effect on the fluorescence, variation in experimental ionic strength could yield 

imprecise results. Some buffer components (e.g., phosphate buffer) have fluorescence quenching 

effects [116]. Materials and manufacturers mentioned in this protocol are stated for transparency 

purposes though one can use any type or brand of analytical grade reagents. 

 

In preparing samples for binding analysis using intrinsically fluorescent ligands, the 

following considerations are essential: (i) optimal ligand and aptamer concentrations; (ii) choice 

of buffer and ionic strength; (iii) organic solvent choice, only if necessary, to dissolve the ligand. 

To analyze the dissociation constant (Kd) of a ligand aptamer complex, the detectable ligand must 

be placed in the cell. To ensure the ligand is fully saturated with the aptamer, the maximum 

concentration of aptamer is quantified using: 

XA•L = [A]n/(Kdn + [A]n)    Eq. 2.1 

where XA•L is the fraction of bound complex, [A] is the starting aptamer concentration and n is the 

number of binding sites. A suitable starting concentration for a ligand depends on the fluorescence 

quantum yield of the ligand and the threshold of detection are further discussed below. 
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The aptamer is exchanged three times against 1 M NaCl using Amicon-type centrifugal 

concentration to remove any substances bound to the aptamer from synthesis and then exchanged 

4-6 times against ddH2O. The stock aptamer concentration should be at least 50 folds higher than 

the aptamer concentration required to saturate the ligand binding. Prior to the binding analysis, the 

DNA or RNA aptamer constructs should be annealed to favour intermolecular folding. The 

unbound aptamer samples are incubated in a water bath at 95 °C for 3 min and then transferred in 

an ice water bath for 5-10 min for fast annealing. For split aptamers, the different strands should 

be fast annealed separately. To have low fluorescence quenching interference, it is preferred to 

degas the ligand and aptamer solutions using sonication or inert gas purging methods [120]. 

 

2.3.2 Experimental Setup 

In a fluorescence binding experiment, either the ligand is intrinsically fluorescent, or the aptamer 

is labelled with a fluorescent dye. To obtain the Kd value of a ligand aptamer complex, the 

fluorescent species must be placed in the cell, and the total volume of the cell should not be 

increased by more than 10% of the initial volume. For instance, the ligand must be placed in the 

cell and the aptamer in the titrant solution if the intrinsic fluorescence of the ligand is to be utilized. 

Additionally, the effect of temperature, pH and solvent on the binding affinity should be confirmed 

from literature values or optimized experimentally (Figure 2.2a). 

 

The effect of solvent on the fluorophore may be challenging as some nonpolar ligands are 

only soluble in mixtures containing an organic solvent such as dimethyl sulfoxide (DMSO) or 

acetonitrile (ACN). In this case, light absorptivity or fluorescence properties of the organic solvent 

should be accounted for. Instrumental parameters such as cuvettes, photomultiplier tube (PMT) 
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voltage, excitation and emission slit widths and scan rates should be optimized and kept unchanged 

to yield the highest sensitivity, accuracy, and precision of the results (Figure 2.3). 

 

 
Figure 2.2 (a) The effect of pH change on the fluorescence emission of quinine at 23 °C. 
Fluorescence intensities were fit to a Gaussian curve. Inflection points obtained from the fitted 
curve (4.83 and 8.49) correspond to pKa values of quinine. The fitted peak height at pH 6.6 
signifies the optimum pH condition (pH 6.6 ± 1) for fluorescence studies of quinine ligand. (b) 
displays the exponential effect of photomultiplier change on the fluorescence intensity of quinine 
at 23 °C. Data acquired at different concentrations of quinine, 0.5 µM (red), 0.2 µM (black), and 
0.1 µM (blue). (c) shows how the fraction of peak height (black line, left vertical axis) changes 
with effective spectral slit width. Right vertical axis shows how the maximum fluorescence 
intensity changes with adjusting instrumental bandwidth as ligand concentration and other 
experimental conditions remain unchanged. Blue line denotes excitation at 235 nm and fuchsia 
line represents excitation at 330 nm (d) displays a comparative analysis of quantum yield 
measurements. Integrated emission intensities are plotted against integrated absorbance intensities 
and analyzed using a linear regression method. Quinine excited at 330 nm (Blue line 1: 
slope = 0.599, R2 = 0.9987), quinine excited at 235 nm (Red line 2: slope = 0.537, R2 = 0.9997), 
cocaine excited at 232 nm (Green line 3: slope = 0.254, R2 = 0.9996), and MN4 excited at 260 nm 
(Fuchsia line 4: slope = 0.037, R2 = 0.9994). 
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2.3.3 Determination of the threshold of detection 

To evaluate the precision and accuracy of acquired fluorescence data, it is essential to test the 

linearity of emission intensities versus ligand concentration by determining the threshold of 

detection at the lowest and highest concentrations of the ligand. This test is performed to verify 

the instrument is capable of measuring emission intensities within the range of experimental 

concentrations [121].  

1. Prepare a fresh stock solution of the ligand in buffer. Note the ligand concentration should be at 

least 10-fold greater than the highest concentration of the ligand in the experimental design. 

2. For each trial, prepare at least 5 ligand samples with different concentrations. The minimum and 

maximum concentrations should cover the ligand concentration range in the experiment. 

3. Using a UV-Vis spectrophotometer, identify the maximum absorbance wavelength of the ligand 

noting that maximum excitation wavelength of a fluorophore corresponds to its maximum UV-Vis 

absorption under the same experimental conditions. 

4. Using the fluorimeter perform an emission scan at a fixed excitation wavelength at 600 nm/min, 

0.10 s averaging time, 1.00 nm emission wavelength intervals, and 400-600 volts PMT. 

5. The obtained maximum emission intensities are plotted as a function of ligand concentration 

and analyzed to a linear fit. The signal threshold for concentration limit of detection (CLoD) and 

limit of quantification (CLoQ) are determined using: 

CLoD = 3s/m      Eq. 2.2 

CLoQ = 10 s/m      Eq. 2.3 

where s is the residual sum of the vertical intercept (y-intercept) and m is the slope [122,123]. Two 

examples of the threshold of detection determination for cocaine and quinine are demonstrated in 

Figure 2.4cd. 
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Figure 2.3 The fluorescence emission spectra of quinine (a) and cocaine (b) titrated with the MN4 
aptamer. Fluorescence scans were carried out in PBS (pH 7.4) at 23 °C. Aptamer aliquots 
quenched intrinsic fluorescence of 6.0 µM quinine excited at 234 nm and 4.8 µM cocaine excited 
at 232 nm. (c) The corrected and normalized relative fraction fluorescence for each ligand is 
expressed on the y-axis. Fo and F are inner-filter corrected emission maxima in the absence and 
presence of the MN4 aptamer, respectively. Each data point signifies an average of 3-6 
experiments. Error bars represent one standard deviation. The Kd values were quantified as 
(0.75 ± 0.01) µM and (7.7 ± 0.1) µM for MN4•quinine and MN4•cocaine titrations, respectively, 
using Eq. 2.5. 
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2.3.4 Photomultiplier optimization 

To ensure the best signal-to-noise ratio (S/N), the photomultiplier tube (PMT) voltage variation 

should be optimized. PMT gain values higher than 800 V reduces the S/N ratio. 

1. Set the fluorescence excitation scan mode at the known emission wavelength of the ligand (i.e., 

380 nm for cocaine and quinine). 

2. Using a buffer-only sample perform fluorescence scans as a negative control. 

3. From a concentrated solution of ligand, titrate the ligand into buffer until the intensity of peaks 

are observed at slightly lower than 1000 a.u. counts. 

4. Keeping other parameters constant, obtain fluorescence scans as a function of PMT voltage from 

1000 V to 400 V. Repeat this step to at least 10 different PMT voltage points. Plot emission 

intensities against PMT values. 

5. The observed fluorescence intensity depends on the PMT voltage and excitation wavelength. 

Figure 2.2b represents an exponential relationship (F = 2(PMT/100)) between the fluorescence 

intensity of quinine as a function of PMT voltage at three different quinine concentration 

values (0.1-0.5 µM) [124,125]. The optimal PMT is a voltage at which the intensity versus PMT 

plot holds a linear profile for all ligands in one experiment. 

 

2.3.5 Fluorometer slit width optimization 

To have an accurate and precise resolution of fluorescence detection, a monochromatic excitation 

and emission is preferred. When the irradiated photons pass through monochromator slits, a 

Gaussian distribution emerges where the spectral bandwidth (SBW) is controlled by the instrument 

as the width at 50% of the maximum peak intensity (commonly set at 2-10 nm). The effective 

spectral slit width (ESS), the wavelength range covering wider than half of the maximum peak, is 
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often used for SBW, interchangeably. The natural bandwidth (NBW) is the width of an 

experimentally detected peak at half of the peak height. The ratio of SBW/NBW should equal or 

be less than 0.100 to have a minimum of 99.5% accuracy of measurement. This ratio shows how 

accurately the fluorometry detects the true height of the emitted peak. 

 

Most scientific spectrophotometers have adjustable slit widths for both excitation and 

emission monochromators to optimize the instrument for the best resolution [126]. The high ratio 

of SBW/NBW generates overlapped peaks and adds stray light rays to the excitation and emission. 

As a result, a pronounced deviation from the Beer-Lambert law and wider peaks are observed. On 

the other hand, the low SBW/NBW ratio increases the resolution with a trade-off for reduced 

sensitivity. The spectrophotometer is expected to resolve 99% of the actual emitted light when the 

SBW/NBW ratio is 0.125 [126–128]. Figure 2.2c presents optimization of slit widths for the 

fluorescence analysis of MN4 and quinine. 

 

2.3.6 Determination of quantum yield 

The fluorescence quantum yield (Φf) is an intrinsic property of a fluorophore and denotes as the 

ratio of total emitted photons by the total absorbed photons while photophysical brightness (B) is 

quantified as the product of the quantum yield and the molar absorption coefficient of the 

fluorophore at the excitation wavelength [88,129]. 

 

Two methods are available in the literature for relative quantum yield analyses: (i) single-

point, where the emission intensities from a fluorescent ligand and a reference pair at identical 

concentration and buffer conditions are measured, and (ii) comparative methods. The single-point 
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method estimates Φf quickly though it is not considered as an accurate method [130,131]. Here, 

we show a robust comparative method of quantum yield measurement (Figure 2.2d). 

 

Table 2.1 Commonly used fluorescence quantum yield values of reference fluorophores in 

standard solutions. 

Standard compound ΦR (%) Excitation wavelength (nm) Conditions 

Fluorescein 95 496 0.1 N NaOH, 22 °C 

Rhodamine 101 100 450 Ethanol, 25 °C 

Rhodamine 6G 95 488 Water, 25 °C 

Rhodamine B 31 514 Water, 25 °C 

Quinine sulfate 58 350 0.1 N H2SO4, 22 °C 

Cyanine 3 4 540 PBS 

Cyanine 5 27 620 PBS 

 

1. Prepare at least four samples of the experimental ligand in the desired buffer conditions and four 

samples of a reference fluorophore solution.  

2. Using excitation scan mode, measure fluorescence emission at the excitation wavelength. 

3. Plot the integrated fluorescence intensities against the integrated absorbance intensities and 

perform a linear regression analysis. 

4. Repeat steps 1-3 for a reference ligand with known fluorescence quantum yield. Table 2.1 lists 

commonly used quantum yield standards [88,129]. 

5. The obtained linear slope for the analyte and reference ligands (denoted with subscript R) are 

compared to determine the fluorescence quantum yield using: 

Φf = ΦR (m/mR)(h2/h2R)     Eq. 2.4 

where m denotes linear slope, and h is refractive index of the solutions [88,129–131].  
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2.3.7 Binding affinity determination 

To analyze the binding affinities of an equimolar ligand-aptamer complex, the most valid Kd 

quantification is found using the quadratic function (Eq. 2.5). I fitted the fluorescence isotherms 

to a nonlinear regression model, which I defined from the quadratic function and developed 

applying OriginPro script: 

𝐹 = 𝐹R + (𝐹T − 𝐹R)
UV
W

UV
WP0W

                  Eq. 2.5 

where F is the dependent variable (fluorescence intensity of the ligand), 𝑥 is the independent 

variable (titrant aptamer concentration), n denotes the number of binding events, and F1 and F2 are 

the horizontal and vertical asymptotes, respectively [104,132]. 

 

2.4 Results and Discussions 

To quantify the Kd value of a ligand-aptamer titration experiment, the maximum emission 

intensities (or integrated emission peak values) for each titration point is collected as a function of 

aptamer concentration. The acquired data should be corrected for any possible light scattering 

noise or inner-filter effect (described below). As demonstrated in Figure 2.3a-c, the corrected 

fluorescence intensities are normalized to have a consistent range of zero to 1 in all experimental 

batches, plotted against the aptamer concentration, and fitted to Eq. 2.5. For the errors in the Kd, 

one can either take the standard deviation (SD) of the fitted average values or analyze each trial 

individually and report the average Kd ± experimental SD. 
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Figure 2.4 The effect of light scattering and detection limit on the observed fluorescence emission 
of ligands: (a) shows excitation (dashed lines) and emission (solid lines) spectra of cocaine (red), 
quinine (blue), and tetracycline (green) in PBS at 25 °C. Asterisks with arrows denotes anticipated 
Raman scattering signals in aqueous solutions when excited at 230-235 nm (*), 275 nm (**), 
335 nm (***), and 360-365 nm (****). Black arrow illustrates NBW of 61 nm at 5 nm SBW. The 
SBW/NBW ratio is 0.082 at 235 nm excitation. (b) shows how light scattering can negatively 
influence fluorescence emission of tetracycline ligand titrating with MN4. As tetracycline interacts 
with the aptamer, the emission intensities are enhanced though the emission is near scattering light 
(blue arrow) observed at ~440 nm in a blank PBS sample (black dashed), 0.9 µM tetracycline in 
PBS (blue), 0.9 µM tetracycline titrated with 1 µM MN4 (red), and 5 µM MN4 (grey). 
(c) demonstrates an example of the threshold of detection comparison for cocaine (blue) and 
quinine (red) in PBS at 25 °C. Arrows show the maximum thresholds of detection. (d) exhibits a 
zoomed view of zero to 0.2 µM ligand concentration from data in (c) to show the minimum 
thresholds of detection. The fitted linear regression values quantified as 𝑦 = 543.9𝑥 + 98.3 for 
cocaine (blue) and 𝑦 = 1150.7𝑥 + 973.5 for quinine (red). Residual sums of the vertical intercept 
(y-intercept) values are acquired as ±109.9 for cocaine (blue) and ±103.6 for quinine (red). The 
minimum thresholds of detection are calculated as a×Rbc.c

dea.c
 = 0.6 µM for cocaine and a×Rba.f

RRdb.g
 = 

0.3 µM for quinine using Eq. 2.2. 
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To characterize the fluorescence properties of the examined ligand, it is essential to test the 

effect of change in the pH and ionic strength conditions of the experimental design. Any 

considerable change in pH, ionic strength, viscosity or temperature that influences the quantum 

yield of a fluorophore can consequently alter the fluorescence detection [119]. To confirm the pH 

and ionic strength conditions, where highest sensitivity of the fluorescence is gained, steady-state 

fluorescence scans for 7-10 ligand samples are performed in preferred buffer conditions under 

variable pH range of approximately 2-11. Some ligands exist as diprotonated compounds. For 

instance, quinine has one aromatic and one aliphatic group offering two pKa values of 4.2 and 8.3, 

respectively [133]. In mild to strong acidic solutions (pH lower than 4.0), quinine is fully 

protonated, and its fluorescence is quenched as the excited state energy is converted internally. 

Also, the intensity of quinine fluorescence quenches as the ionic strength is increased, or pH is 

higher than 9. The acquired pKa values (4.83 and 8.49) agreed with available pKa values of 

quinine using alternative techniques (Figure 2.2a).  

 

To optimize the excitation and emission slit widths, one should note that the signal 

resolution decreases with the spectral bandwidth increase. Figure 2.4a shows how the ratio of 

SBW/NBW was quantified 0.082 at 5 nm slit width at 235 nm excitation wavelength and 10 nm 

at 335 nm excitation wavelength. Obtaining a ratio below 0.1 signifies an accurate measurement 

(>99.5%) at constant temperature and PMT voltage. 

 

2.5 Critical Parameters and Troubleshooting 

It is possible that detected emission counts are higher than the maximum threshold of 1000 a.u. To 

resolve this issue, changing one or a combination of the following parameters would be useful: 
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reducing ligand concentration, length of the light path, PMT voltage, excitation (or both) slit 

widths, or increasing the temperature is advised.  

 

In case the fluorescence intensity of the least concentrated ligand sample is found to be as 

low as the scatting intensities of the buffer, increasing the length of the light path, excitation (or 

both) slit widths, or reducing the temperature can resolve the problem. The optimal bandwidth for 

an analysis should not necessarily be 1.0 nm though a narrow spectral bandwidth improves the 

resolution of peaks that are emitted close to each other. If the analyte has low quantum yield, one 

or a combination of the following adjustments enhances the detection: increasing the excitation 

slit width, reducing the length of light path, reducing temperature, or the ionic strength. As shown 

in Figure 2.2c for quinine emission, the fraction of peak height (resolution) is reduced with the 

spectral bandwidth increasing from 2.5 nm. 

 

Quantum yield is an intrinsic property of a ligand. Thus, Φf is independent of the ligand 

concentration or instrument parameters [129]. However, the ligand concentration needs to be 

within the linear range of Beer-Lambert law and the instrument parameters should be kept constant 

throughout the experiment. Any significant change in the pH, ionic strength, and refractive index 

(h) consequently alters Φf. Figure 2.2d illustrates a comparative analysis of quantum yield 

measurements for quinine, cocaine and the MN4 aptamer. 

 

The desired experimental temperature is determined by the aptamer stability, ligand 

thermolability, and instrument limits. It is worth noting that binding affinities are temperature 
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dependent [134]. The temperature can be set between -10 °C to 120 °C with 0.1 °C resolution and 

cell temperature variation of ± 0.05 °C.  

 

The total number of sample titrations should be uniformly distributed across the 

concentration range studied to get a precise binding analysis. If one-binding process is anticipated 

for the aptamer-ligand complex, the titration volume should be chosen such that aptamer to ligand 

equimolar ratio reaches in the middle of the binding titration. Considering nucleotides are weakly 

fluorescent, measuring the background fluorescence signals from the titration of the aptamer into 

a blank buffer is essential to confirm the changes in the observed fluorescence was specifically 

due to ligand-aptamer interactions and not scattering effects (Figure 2.4b). If the ligand is excited 

at any wavelengths below ~330 nm, where nucleotides absorb UV light, the loss of excitation and 

emission photons due to the inner-filter effect should be compensated as: 

𝐹 = 𝐹$hi[10(klmPkln)ℓ T⁄ ]               Eq. 2.6 

where F is the corrected fluorescence intensity, Fobs is the observed intensity in the absence of the 

inner-filter effect, Aex and Aem are the absorbance values of the aptamer, or any other light 

absorbing components, at the excitation and emission wavelengths of the ligand, respectively, and 

ℓ is the length of the light path [104]. Additionally, performing a negative control experiment using 

a non-binding aptamer with comparable extinction coefficient as the analyzed aptamer is highly 

recommended. 

 

Preliminary data analysis can be performed with the software supplied by the manufacturer 

(i.e., Eclipse-Bio) or exported to advanced data analysis software packages (e.g., MATLAB, 

OriginPro, SigmaPlot, GraphPad). An important setback that can be experienced at micro- or 
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nanomolar concentration scales of ligands is the presence of light scattering spikes in the baseline. 

Main scattering signals accounted in fluorescence spectrometry of solutions are (i) the first and 

second orders Rayleigh, (ii) Tyndall, (iii) Raman, which appear depending on the excitation 

wavelength. Tyndall scattering is caused by solid particle residues (e.g., dust), which can be 

eliminated applying a nanopore membrane filtration. The Rayleigh scattering signals appear at the 

same excitation wavelength and 2-times the excitation wavelength. The Raman scattering 

wavelength of aqueous solutions is attributed to the symmetrical vibrational energy [135]. The 

mathematical relationship between the excitation wavelength (𝜆ex) and the anticipated Raman 

scattering signal (𝜆R) is expressed as: 

1/𝜆R = 1/𝜆ex – 3400 cm-1               Eq. 2.7 

 

To eliminate the effect of scattering signals, one can change the excitation wavelength to a 

lower range of excitable wavelengths and adjust the emission scan wavelength range outside the 

scattering signal. Alternatively, one can subtract the fluorescence intensity of a blank buffer from 

experimental samples or normalize the observed fluorescence intensity with respect to scattering 

signals [136]. Figure 2.4ab shows anticipated scattering signals with respect to fluorescence 

emissions of quinine, cocaine, and tetracycline titrating with the MN4 aptamer. More complicated 

binding models such as two-site independent binding, sequential binding, and Förster resonance 

energy transfer (FRET) can also be analyzed upon modification of aptamer. Data fitting to more 

complicated models are also possible though not discussed in this chapter [137–139].  
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Chapter 3: Label-free fluorometry studies of aptamers that bind intrinsically fluorescent 
ligands 

 

3.1 Preface 

Presented work in this chapter has been published in the articles listed below [104,140]: 

• Shoara, A.A., Slavkovic, S., Donaldson, L.W., and Johnson, P.E. (2017) Analysis of the 
interaction between the cocaine-binding aptamer and its ligands using fluorescence 
spectroscopy. Can. J. Chem. 95(12): 1253-1260. 

 
• Van Riesen, A.J., Le, J., Slavkovic, S., Churcher, Z.R., Shoara, A.A., Johnson, P.E., and 

Manderville, R.A. (2021) Visible Fluorescent Light-up Probe for DNA Three-Way Junctions 
Provides Host–Guest Biosensing Applications, ACS Appl. Bio Mater. 4, 6732-6741. 
 

3.2 Introduction 

The cocaine-binding aptamer model has become a widely employed system for the development 

of aptamer-based biosensors. The different sensors, utilizing this aptamer, report ligand binding 

using a variety of methods including color change, electric and fluorescent tag outputs [61–

65,141–153]. In the first part of this chapter, I present how I utilized the intrinsic fluorescence of 

ligands to gain new insights about the binding mechanisms of these fluorescent ligands with the 

cocaine-binding aptamer. In the second part, I use a merocyanine containing probe to study how 

intrinsically fluorescence ligands bind the cocaine-binding aptamer. Quantification of observed 

fluorescence quenching or enhancement provides a sensitive method to measure the binding 

affinity using small amounts of sample [154]. These observations coupled with the Stokes shifts 

in the emission spectra indicate whether the ligands interact with the aptamer through base 

stacking, groove binding, or base intercalation [155]. 

 

As discussed in Section 1.2, DNA three-way junctions (3WJs) consist of a Y-shaped or T-

shaped hydrophobic branch point linking three double-stranded stems, and are considered as 
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susceptible targets for cancer treatment (e.g., HeLa and human breast MCF-7 cancer 

cells) [156,157]. They are also important building blocks for the construction of DNA 

nanostructures and serve as recognition elements for aptasensors for diagnostic applications (e.g., 

 a-thrombin, ATP, antibiotics) [158,159]. Identification of these elements for aptasensors demand 

chemical probes that can bind certain structural motifs with high affinity and specificity. Available 

label-free probes for the 3WJ structures such as blue cyanine (Cy7), naphthyridine (ATMND), and 

calix-3-carbazole have either low sensitivity or emit in the UV light range [63]. However, visible 

fluorescent light-up probes for specific 3WJ structure recognition are currently lacking. 

 

Here, I show binding analysis of a merocyanine containing probe that could function as a 

universal turn-on dye for DNA 3WJ motifs. Merocyanine dyes contain an aromatic donor vinyl 

linked to a cationic acceptor and have been used as colorimetric indicators and chemosensors. 

Van Riesen et al. initially designed a new phenolate merocyanine dye (Figure 3.1, PhOBtz) that 

could be used as a temperature chemosensor [160–162]. In the second part of this chapter, I present 

an application of fluorometry techniques in the detection of a newly designed fluorescent light-up 

probe (Figure 3.1, FPhOBtz). 

 

3.3 Materials and Methods 

3.3.1 Sample preparation 

All aptamer samples were purchased from Integrated DNA Technologies (IDT, Coralville, Iowa) 

with standard desalting purification. All aptamer and ligand solutions were prepared in the same 

manner as discussed in Chapter 2. The merocyanine probe FPhOBtz was synthesized in Professor 

Richard Manderville’s lab at the University of Guelph [140,160]. Except when it is specified, all 
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aptamer and ligand samples were dissolved in 20 mM sodium phosphate (pH 7.4) and 

140 mM NaCl before use. DNA samples were incubated at 95 °C for 3 min and immediately 

immersed in ice water for 5 min before they were mixed with the ligand. 

 

Figure 3.1 Structures of the ligands and the DNA aptamers discussed in this chapter. Dashed lines 
between nucleotides indicate Watson-Crick base pairing in the secondary structure, whereas 
diamonds show the AG base pairs. Solid lines display the phosphodiester bonds in the backbone 
of the aptamers. 
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3.3.2 Fluorescence measurements 

Fluorescence scans were performed employing a Cary Eclipse spectrofluorometer and 10 mm 

fused quartz cuvettes. Each experiment was performed at a constant temperature maintained 

throughout each experiment using a Cary Peltier controller as discussed in Chapter 2. For each 

ligand-aptamer titration, the total ligand concentration was kept constant and lower than the 

available Kd value. To ensure the ligand is fully saturated with the aptamer, the maximum 

concentration of aptamer was quantified using Eq. 2.1. The observed fluorescence intensities were 

corrected for the inner-filter effect to compensate the loss of the incident intensity using 

Eq. 2.6 [104,163]. For the simplicity of the parameters referred to in this study, all of the observed 

fluorescence intensities were corrected and denoted as fluorescence intensity (F). 

 

The fluorescence intensities were averaged and normalized as relative fraction units (RFU) 

of Fo, where Fo denotes the fluorescence intensities of the ligand in the absence of the aptamer. To 

quantify the binding affinities, each binding isotherm was plotted as a function of bound to free 

ligand (F/Fo) versus the total aptamer concentration in the solution. Then, each isotherm was fitted 

to Eq. 2.5. The dissociation constant (Kd) was obtained using a non-linear regression analysis as 

explained in Chapter 2. 

 

In quinine-aptamer binding assays, quinine was excited at 234 nm. Then, emission scans 

were performed from 270 nm to 450 nm to exclude the interference of Raman and Rayleigh 

scattering peaks. The maximum fluorescence intensity of quinine at (383 ± 1) nm was collected 

from each spectrum. For the cocaine-aptamer binding assays, cocaine was excited at 232 nm. The 

emission scans were carried out from 270 nm to 450 nm, and the maximum fluorescence intensity 
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of cocaine was detected at (315 ± 1) nm. To confirm that the quenching results were specific for a 

functional cocaine-binding aptamer, both ligands were titrated against a non-binding aptamer 

construct (SS1) at 15 °C and under the same conditions as performed for MN4 and MN19. 

 

In the dynamic quenching analyses, the Stern-Volmer isotherms of the acquired maximum 

fluorescence intensities were plotted as a function of free to bound ligand (Fo/F) versus the total 

aptamer concentration. The Stern-Volmer plots were fitted to the mixed static-dynamic quenching 

models: 

qr
q
= (1 + 𝐾tu[𝑄])(1 + 𝐾w[𝑄])    Eq. 3.1 

qr
q
= (1 + 𝐾tu[𝑄])𝑒u[y]      Eq. 3.2 

where the association constant (Ka) and the Stern-Volmer constant (KSV) become mutually 

dependent constants, and (V) stands for the volume per mole of the ligand-aptamer complex within 

the static interaction proximity [164–166]. 

 

To compare the effect of intercalation with the base-stacking interactions, the MN4 and 

MN19 aptamers were titrated into 1 μM ethidium bromide (EtBr) and excited at 230 nm, 286 nm, 

and 486 nm separately. Each emission scan was acquired from 550 to 700 nm to detect the 

fluorescence of EtBr at (613 ± 1) nm at 23 °C. Similar to binding affinity analyses of quinine and 

cocaine, the maximum emitted intensities of EtBr were averaged, corrected, and analyzed as 

discussed for quinine and cocaine. Furthermore, wavelengths of the emission maxima were 

recorded to determine the Stokes shift of each fluorescence scan. The difference in Stokes shifts 

between free and bound states of the ligands (EtBr, quinine, and cocaine) with the MN4 and MN19 

aptamer variants were recorded for a comparative analysis. 
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To quantify the bimolecular quenching rate constant (kq) of cocaine, the fluorescence 

lifetime (τ) of cocaine in the absence of aptamers were measured using the time-resolved mode of 

the Cary Eclipse spectrofluorometer at 15 °C and 23 °C. The rate of the fluorescence intensity as 

a function of time (t) was fitted to: 

𝐹(𝑡) = 𝐼$𝑒6% {⁄       Eq. 3.3 

where Io denotes the incident light intensity. For the calculation of kq in quinine–aptamer binding 

experiments, we used the standard τo values available in the literature (18.5 ns and 17.5 ns) at 

15 °C and 23 °C, respectively. The kq was computed using Eq. 3.4: 

qr
q
= (1 + 𝐾tu[𝑄]) = (1 + 𝐾w[𝑄]) = 1 + 𝑘}𝜏$[Q]     Eq. 3.4 

where the Stern-Volmer constant (KSV) represents a dynamic binding constant in a collisional 

interaction. In an exclusively static quenching, the KSV is replaced with the Ka. 

 

Fluorescence titrations with 1 μM FPhOBtz in PBS buffer (pH 7.4) were carried out with 

systematic addition up to 2 μM (2 eq.) MN4 and mixed for 2 min. The relative fluorescence 

quantum yields (Φf) of unbound FPhOBtz and FPhOBtz•MN4 in PBS buffer at 20 °C were 

measured using quinine sulfate in 0.1 N sulfuric acid for the fluorescence standard solution as 

discussed in Chapter 2 [167]. Six samples in a concentration range from 0.2 to 10 μM unbound 

FPhOBtz were individually excited at 485 nm, and the integrated emission intensities were 

detected at 560 nm in a wavelength range of 500-600 nm. For the quantum yield measurements of 

FPhOBtz•MN4, FPhOBtz samples were mixed with 3-fold MN4 concentrations and the molar 

ratio of MN4 to FPhOBtz was kept constant throughout the experiment. The photomultiplier tube 

voltage, signal-to-noise ratio, and spectral bandwidth parameters were also kept constant in all 

experiments. FPhOBtz•MN4 samples were individually excited at 540 nm, and the integrated 
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emission intensities were detected at 580 nm in a wavelength range of 550-650 nm. The integrated 

emission intensities were plotted against the integrated excitation (absorption) intensities. The 

obtained linear slope was used to quantify the relative quantum yield values using OriginPro 

software package [132]. 

 

3.4 Results 

3.4.1 Effect of aptamer binding on ligand fluorescence 

Upon addition of aptamer to quinine or cocaine, the fluorescence of the ligand was quenched 

(Figure 3.2). We utilized this quenching to quantify the binding affinity and dynamics of MN4 and 

MN19 to both quinine and cocaine. The observed fluorescence emission maxima were corrected 

for the inner-filter effect using Eq. 2.6 for each aptamer-ligand pair accounting for the absorbance 

of DNA at the excitation wavelength used for the ligand. We found that the titrations of MN4 and 

MN19 into a constant concentration of quinine, while irradiated at 234 nm, quenched the 

maximum fluorescence emission at ∼383 nm (Figure 3.2a). Similarly, the titrations of MN4 and 

MN19 aptamers in cocaine, while excited at 232 nm, quenched the maximum fluorescence 

emission at ∼315 nm (Figure 3.2b). The nonlinear fitting analyses of the acquired binding 

isotherms using Eq. 2.5 (Figure 3.3) yielded the Kd values reported in Table 3.1. The Kd values of 

all four aptamer-ligand combinations decreased as the temperature was raised from 15 °C to 23 °C 

confirming temperature dependency of observed aptamer-ligand interactions (Table 3.1). 

 

To confirm that the fluorescence quenching we observe is a result from specific binding, 

we analyzed the change in fluorescence of quinine and cocaine upon addition of the SS1 cocaine-

binding aptamer. This aptamer has the same sequence as MN4 except that both AG base pairs 
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(A21/G29, A7/G30) are switched to be GA base pairs (G21/A29, G7/A30) (Figure 3.1). When 

SS1 was titrated into cocaine or quinine, the observed fluorescence reduced in intensity; however, 

when corrected for the inner filter effect, no reduction in binding was observed (Figure 3.4a-b). 

As a comparison, the observed and corrected data for MN4–quinine is also shown in Figure 3.4c. 

Figure 3.2 The raw fluorescence emission spectra of (a) quinine and (b) cocaine titrated with the 
MN4 aptamer. Fluorescence scans were carried out in 20 mM sodium phosphate buffer (pH 7.4) 
and 140 mM NaCl at 23 °C. Aptamer aliquots quenched fluorescence, and aptamer was added 
until the fluorescence of the ligand remained unchanged between additions. (a) Fluorescence 
emission spectra of 0.06 μM quinine hemisulfate excited at 234 nm. (b) Fluorescence emission 
spectra of 4.8 μM cocaine hydrochloride excited at 232 nm. 
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As a further control, we tested the MS3 and ATP3 DNA sequences as additional negative controls 

for binding and also observed no change in the observed fluorescence upon addition of MN4. 

 

The shift of the emission maximum of quinine was measured in the free and ligand-bound 

states for both MN19 and MN4 aptamers. When quinine was bound by MN4, the emission maxima 

of quinine shifted (3.05 ± 0.02) nm toward the infrared region (Figure 3.5a). A slightly shorter red 

Figure 3.3 Steady-state fluorescence quenching analysis of quinine and cocaine ligands binding 
MN4 and MN19 aptamers in 20 mM sodium phosphate (pH 7.4) and 140 mM NaCl at 15 °C (blue 
triangle) and 23 °C (red square). Displayed here are the titrations of (a) MN4–quinine, (b) MN4-
cocaine, (c) MN19-quinine, and (d) MN19-cocaine. The corrected and normalized relative fraction 
fluorescence (RFU) for each ligand is expressed on the vertical y-axis, where F0 and F are inner-
filter corrected emission maxima in the absence and presence of the corresponding aptamer, 
respectively. Each data point represents an average of 3-6 experiments, with the error bars 
representing one standard deviation. 
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shift of (2.49 ± 0.01) nm occurred when quinine was bound by MN19. With cocaine binding, the 

emission maximum of MN4•cocaine shifted (1.07 ± 0.03) nm toward the infrared region, and with 

MN19 binding, it red-shifted by (0.46 ± 0.01) nm (Figure 3.5). These differences in Stokes shift 

are statistically different, as confirmed by a t-test with a p-value less than 0.0001. 

 

To provide a comparison for quinine and cocaine binding, we titrated MN4 and MN19 into 

EtBr and monitored the change in fluorescence of EtBr. When bound by both MN4 and MN19, 

the fluorescence intensity of EtBr increased (Figure 3.5b). Additionally, the MN4•EtBr and 

MN19•EtBr complexes resulted a blue shift in the EtBr emission spectrum of (10.9 ± 0.02) nm 

and (11.5 ± 0.1) nm, respectively (Figure 3.5c). 

Table 3.1 Dissociation constants and binding parameters of the two ligands, quinine and 
cocaine, with the MN4 and MN19 aptamer constructs1. 
Aptamer Temperature (℃) Kd (µM) KSV (µM-1) kq (µM-1s-1) 

Quinine     

MN4 
15 0.094 ± 0.003 7.2 ± 0.3 39 × 107 

23 0.745 ± 0.004 1.31 ± 0.03 7.1 × 107 

MN19 
15 0.47 ± 0.01 2.71 ± 0.06 15 × 107 

23 1.09 ± 0.02 0.81 ± 0.01 4.4 × 107 

Cocaine     

MN4 
15 3.92 ± 0.07 0.24 ± 0.02 16 

23 7.7 ± 0.1 0.110 ± 0.001 7.1 

MN19 
15 21.1 ± 0.6 (3.4 ± 0.9) × 10-3 0.22 

23 28.8 ± 0.3 (4.75 ± 0.06) × 10-3 0.31 
1Assays were carried out in 20 mM sodium phosphate buffer (pH 7.4), and 140 mM NaCl. The 
error range stated here is the standard deviation after fitting to a mean of 3-6 replicates. The Kd 
constants were quantified using Eq. 2.5. The KSV constants were acquired using Eq. 3.1 and 
Eq. 3.2. The kq rate constants were obtained using Eq. 3.4. 
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As a control ligand binding, we also analyzed the interaction of benzoylecgonine with 

MN4. Benzoylecgonine is a metabolite of cocaine and the cocaine-binding aptamer is typically 

described as only weakly binding, or not interacting, with this molecule [61,62,68,168]. Using 

differential scanning calorimetry (DSC) methods, Harkness et al. have determined an affinity of 

MN4 for benzoylecgonine of 0.60 mM at 30 °C [169]. Benzoylecgonine has the same fluorescent 

properties as cocaine, as shown in Figure 3.1, and its fluorescence is quenched upon addition of 

MN4 with a resulting Kd value of (91 ± 52) μM at 15 °C. This binding affinity agrees reasonably 

well with the expected affinity of 220 μM that is calculated using the thermodynamic parameters 

Figure 3.4 Shown is the emission of cocaine (a) and quinine (b) ligands versus the SS1 DNA 
construct concentration in 20 mM sodium phosphate (pH 7.4) and 140 mM NaCl. Black squares 
show the observed non-specific quenching of fluorescence due to the inner-filter effect of the 
aptamer. Red circles are the corrected fluorescence using Eq. 2.6. Isotherms in (c) display a 
comparison between the observed and corrected fluorescence quenching in MN4-quinine titration. 
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previously reported by Harkness et al. [169]. We also note that the lower Kd value measured here 

at a lower temperature is consistent with our binding measurements that show the affinity of the 

cocaine-binding aptamer increases as the temperature decreases (Table 3.1). 

Figure 3.5 The fluorescence emission spectra of quinine and ethidium bromide (EtBr) titrated 
with MN4. Fluorescence scans were carried out in 20 mM sodium phosphate buffer (pH 7.4) and 
140 mM NaCl at 23 °C. Aptamer aliquots were added until the fluorescence of the ligand remained 
unchanged. (a) Fluorescence emission spectra of 0.06 μM quinine hemisulfate excited at 234 nm. 
(b) Fluorescence emission spectra of 1 μM EtBr excited at 230 nm. (c) Bar graph of the changes 
in Stokes shift for the indicated combinations of ligand and aptamer. 
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3.4.2 Analysis of fluorescence quenching mechanisms 

I analyzed the mechanism of the fluorescence quenching of quinine and cocaine with MN4 and 

MN19 binding by Stern-Volmer analysis. The Stern-Volmer isotherm of MN4•quinine at 15 °C 

produced a nonlinear plot with KSV constant of (7.2 ± 0.3) μM-1, using the linear portion of the 

binding curve. The isotherm saturated with excess MN4 indicating that the ligand is fully bound 

(Figure 3.6a). In contrast, the MN4•quinine titration resulted in a linear Stern-Volmer plot 

with KSV constant of (1.31 ± 0.03) μM-1 at 23 °C (Figure 3.6a). As both of these plots have a linear 

Figure 3.6 Dynamic and static fluorescence quenching analysis of quinine and cocaine ligands 
binding MN4 and MN19 aptamers at 15 °C (blue triangles) and 23 °C (red squares). Shown here 
are the Stern-Volmer plots of (a) MN4•quinine, (b) MN4•cocaine, (c) MN19•quinine, and 
(d) MN19•cocaine. The corrected and normalized relative fraction fluorescence (RFU) for each 
ligand is expressed on the y axis, where Fo and F are inner-filter corrected emission maxima in the 
absence and presence of the corresponding aptamer, respectively. Each data point represents an 
average of 3-6 experiments, with the error bar representing one standard deviation. 
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region, when the temperature is increased, the KSV value decreases. Therefore, I conclude that the 

MN4•quinine quenching follows a static mechanism  [164,170–172]. 

 

The titrations of MN4•cocaine at 15 °C and 23 °C showed nonlinear Stern-Volmer plots 

with KSV constants of (0.24 ± 0.02) μM-1 and (0.110 ± 0.001) μM-1, respectively (Figure 3.6b). 

The titrations of MN19•quinine at 15 °C and 23 °C also showed nonlinear Stern-Volmer plots with 

KSV constants of (2.71 ± 0.06) μM-1 and (0.81 ± 0.01) μM-1, respectively (Figure 3.6c). For both 

of these aptamer-ligand pairs, the curve shows that quenching occurs through a mixed static–

dynamic process [164,170–172]. 

 

For the titration of MN19 with cocaine at 15 °C, we observe a linear Stern-Volmer plot 

with a KSV constant of (3.4 ± 0.06) mM-1. We obtain a nonlinear plot with KSV constant of (4.75 ± 

0.06) mM-1 at 23 °C (Figure 3.6d). This switch from a linear to a quadratic plot and an increase in 

KSV value with temperature indicates that the quenching mechanism changes from a mostly static 

to a mostly dynamic mechanism. The fluorescence lifetime (τ) of free cocaine was measured using 

time-resolved fluorescence spectroscopy. For free cocaine, τ was measured to be (2.6 ± 0.7) μs 

and (2.2 ± 0.8) μs at 15 °C and 23 °C, respectively. For quinine, the τ value is extremely short to 

measure using available instrumentation. 

 

3.4.3 FPhOBtz Binding to MN4 

In aqueous buffered solutions, FPhOBtz holds a pKa ≈ 6.6 with phenol and phenolate absorbance 

at ∼398 nm (ε = 32,787.0 cm–1 M–1) and ∼485 nm (ε = 34,636.0 cm–1 M–1). The fluorescence 

response of FPhOBtz to MN4 binding provided an increase of >600-fold emission intensity at 
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∼580 nm to provide bright yellow fluorescence (Figure 3.7). In PBS at pH 7.4, free FPhOBtz 

provided a fluorescence quantum yield (Φf) of 0.085 for a brightness (εΦf) of 2,944.0 M-1 cm–1. 

For the MN4•FPhOBtz complex, Φf = 0.76 for εΦf = 26,640.0 M–1 cm–1, a 10-fold increase in 

brightness compared to free FPhOBtz in PBS. For comparison, the brightness of PicoGreen dye 

(ε ≈ 7.0 ´ 104 cm–1 M–1) bound to calf thymus DNA (Φf ≈ 0.5) is ∼3.5 ´ 104 cm–1 M–1, which is 

only 1.3-fold brighter than the MN4•FPhOBtz complex. The emission intensity response was also 

pH dependent, exhibiting an approximately 3.5-fold increase at 580 nm upon raising the pH from 

6.0 to 8.5. Thus, increased dye rigidity coupled with the phenolate was deemed important for the 

emission intensity response of FPhOBtz binding to MN4. 

 

3.5 Discussion 

We have used the observed fluorescence quenching of quinine and cocaine with aptamer binding 

to measure the affinity of these ligands to both the MN4 and MN19 cocaine-binding aptamer 

constructs (Table 3.1). The values measured here agree within experimental error with our 

previously reported values using ITC values [58,64,68]. The benefits of using this fluorescence 

technique to measure binding affinity are the significantly (over 40-fold) lower amounts of 

material needed for fluorescence methods compared with ITC methods and the faster time it takes 

to perform the titration in the fluorescence experiment than in the ITC run (though the ITC 

experiment is automated). 
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The experiments performed in this study, where the intrinsic change in fluorescence 

intensity upon binding is used to measure affinity, is not new but has rarely been used to study 

aptamer-ligand interactions. This method could be easily implemented to other aptamer-ligand 

pairs as long as the ligand for the aptamer has fluorescence properties.  

 
 

Figure 3.7 Fluorescence quantum yield measurements of FPhOBtz in 100% methanol (v/v). 
Shown is the linear regression analysis for the integrated fluorescence emissions as a function of 
integrated light absorbance (excitation) at 20 °C for unbound FPhOBtz ligand and bound to MN4. 
Triangles display the results for unbound FPhOBtz at 485 nm excitation and 560 nm emission 
peaks (R2 = 0.9988). Circles show the results for FPhOBtz•MN4 at 485 nm excitation and 577 nm 
emission peaks (R2 = 0.9986). Squares demonstrate the results for FPhOBtz•MN4 at 534 nm 
excitation and 577 nm emission peaks (R2 = 0.9992). For FPhOBtz•MN4 experiments, the molar 
ratio of MN4 to FPhOBtz kept constant at 3-fold. Error bars are one standard deviation of three 
trials. 
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The fluorescence studies performed here also provide new insights into the binding 

interaction of cocaine and quinine with the cocaine-binding aptamer. As we previously noted, the 

values of the thermodynamic binding parameters (ΔH and TΔS) place cocaine and quinine into the 

intercalating type of DNA ligands, as classified by Chaires [67,173]. However, quinine and 

cocaine are neither known to be intercalating molecules, nor do they seem likely to be intercalators 

as their structures possess only one or two fused aromatic rings. Instead, we have thought that 

these two ligands interact with the cocaine-binding aptamer in a stacking manner where one face 

of the aromatic ring of the ligand interacts in a π–π stacking manner with a base or multiple bases 

in the aptamer. It is likely that stacking interaction contribute significantly to binding as 6-

methoxyquinoline, the aromatic portion of quinine, is bound by the cocaine-binding aptamer 10-

fold tighter than cocaine [68]. 

 

In support of this stacking mechanism, we measured the fluorescence binding properties 

of a known intercalator, EtBr, and compared them with those of cocaine and quinine. The 

fluorescence intensity of EtBr increases when bound by the aptamer, and we observe a blue shift 

of 11-12 nm with MN4 and MN19 binding (Figure 3.5). These values are consistent with 

previously reported changes in fluorescence for EtBr intercalating into DNA [174,175]. 

 

In contrast to EtBr fluorescence results, cocaine and quinine exhibit fluorescence 

quenching and a red shift when binding MN19 or MN4 (Figure 3.5). These differences indicate 

that in the bound state, quinine and cocaine are still at least partially solvent accessible as would 

be expected in a stacking arrangement. Jagtap et al. demonstrated that overlap of conjugated π-
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systems in stacking interactions results in a distinctive emission transition to the low-energy range 

and this red shift increases with greater π-system overlap [155]. 

 

Our results show that quinine binding by MN19 and MN4 yields a greater red shift than 

when the same aptamers bind cocaine. Detecting a smaller red shift in cocaine-aptamer emission 

spectra corresponds to cocaine having one aromatic ring as opposed to two fused aromatic rings 

in quinine. This is consistent with stacking interactions. 

 

3.6 Conclusion 

To conclude, the change in the fluorescence spectrum of quinine and cocaine ligands as a function 

of cocaine-binding aptamer concentration is a powerful and sensitive tool to quantify the binding 

affinities of cocaine-binding aptamers, as well as provide insights into their binding mechanisms. 

Presented results confirm that quinine binding by MN19 and MN4 yields a larger red shift than 

that of with cocaine, which corresponds to cocaine having one aromatic ring as opposed to two 

fused aromatic rings in quinine. 
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Chapter 4: Optimizing stem length to improve ligand selectivity and thermal stability in a 
structure-switching cocaine-binding aptamer 

 

4.1 Preface 

Presented work in this chapter has been published in the articles listed below [158,176,177]: 

• Neves, M.A.D.*, Shoara, A.A.*, Reinstein, O.*, Borhani, O.A., Martin, T.R., and Johnson, P.E. 
(2017) Optimizing Stem Length to Improve Ligand Selectivity in a Structure-Switching 
Cocaine-Binding Aptamer. ACS Sensors 2, 1539–1545, (*denotes co-first author). 
 

• Shoara, A.A., Reinstein, O., Borhani, O.A., Martin, T.R., Slavkovic, S., Churcher, Z.R., and 
Johnson, P.E. (2018) Development of a thermal-stable structure-switching cocaine-binding 
aptamer. Biochimie 145, 137–144. 

 
• Neves, M.A.D., S. Slavkovic, Reinstein, O., Shoara, A.A., Johnson, P.E. (2019) A proof of 

concept application of aptachain: ligand-induced self-assembly of a DNA aptamer, RSC Adv. 
9, 1690–1695. 

 

4.2 Introduction 

The development of aptamer-based sensing technologies is a rapidly growing field. Reasons for 

this include the ease of current in vitro selection strategies that can select an aptamer for almost 

any target and the straightforward nature of nucleic acid chemical modifications that allow for the 

easy immobilization of an aptamer to a sensing surface or covalent attachment of a chemical label 

or tag [178]. Many aptamers undergo or can be engineered to undergo a structural transition upon 

ligand binding, and the signal transduction schemes of many aptamer-based biosensors require 

ligand-induced structural changes or structure formation of the aptameric probe [154]. 

 

In general, structure-switching aptamers have lower affinity for their targets than aptamers 

that feature a preformed secondary structure. However, biosensors that can function using either a 

structure-switching or a rigid aptamer display greater analytical sensitivity using the structure-
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switching aptamer, despite the lower affinity [65]. This indicates that, in general, the structural 

changes that an aptamer undergoes upon ligand binding are more important for ligand selectivity 

than just the affinity of the aptamer when utilized as the biosensing element in a sensor provided 

sufficient affinity is retained by the aptamer. 

 

The cocaine-binding aptamer has become a model system for the development of aptamer-

based biosensors. The secondary structure of the aptamer is composed of three stems arranged into 

a three-way junction with both tandem AG base pairs and a dinucleotide bulge located at or 

adjacent to the three-way junction (Figure 4.1) [64]. When stem 1 has 6 bp, the aptamer folds in 

the free state and retains the same secondary structure when it is ligand-bound. However, if stem 1 

is shortened to be 3 bp in length, as shown in Figure 4.1, the aptamer undergoes a ligand-induced 

structure switching binding mechanism. In the ligand-free state, the short stem 1 aptamer is loosely 

or poorly structured. Upon ligand binding, the aptamer folds or dynamically tightens into the 

secondary structure shown in Figure 4.1 [179]. It is this structure-switching binding mechanism 

that has been exploited in many of the applications of the cocaine-binding aptamer in biosensor 

development, and consequently, the short stem 1 version of the cocaine-binding aptamer is a 

widely utilized version of the cocaine binding aptamer [180]. 

 

The structure switching nature of the short stem 1 construct of the cocaine-binding aptamer 

must arise from the interplay between the destabilizing reduction in the length of stem 1 and the 

stabilizing nature of ligand binding. This is demonstrated by the observation that tighter binding 

ligands for the cocaine-binding aptamer such as quinine [181], result in aptamer-ligand pairings 

with a higher melt temperature than the cocaine-bound aptamer [169]. Additionally, the steroid-
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binding aptamer, a three-way junction aptamer based on the cocaine-binding aptamer sequence, 

binds deoxycholic acid very weakly. This interaction is not tight enough to fold the version of the 

aptamer that contains a three-base-pair-long stem 1. Instead, deoxycholic acid binds and folds a 

Figure 4.1 Sequence and secondary structures of the cocaine-binding aptamer variants 
investigated in this chapter. For ease of comparison, nucleotides in all constructs are numbered in 
the same manner. 
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version of this aptamer with a stem 1 of four base-pair long [66]. Despite the widespread adoption 

of the short stem 1 version of the cocaine-binding aptamer (Figure 4.1; MN19) in biotechnology, 

this sequence is not optimal, as it is only marginally stable at room temperature. This is 

demonstrated by previously published temperature dependent NMR studies [64], temperature-

dependent ITC-based binding studies [68], and DSC analyses [66]. 

 

The goal of this study is to develop a more thermally stable version of the cocaine-binding 

aptamer that preserves the functionally important ligand-induced structure-switching binding 

mechanism. To achieve this, we retained the three-base pair-long stem 1 and the sequence of 

stem 3, as these stems are important for the structure-switching and ligand binding functions. We 

modify the sequence of stem 2 to obtain a cocaine-binding aptamer variant with as high a melt 

temperature as possible based on the nearest-neighbour effect [182]. We demonstrate that the 

resulting sequence, OR3 (Figure 4.1), has these characteristics. 

 

4.3 Materials and Methods 

In determining which sequences to investigate we used MN4 as a starting point and simply 

shortened the length of stem 1 one base pair at a time. In elongating stem 1, we added a GC base 

pair in order to help maximize the stability of the longer stem 1 aptamer (OR11). Aptamer and 

ligand concentrations were determined by UV absorbance spectroscopy using the extinction 

coefficients supplied by the manufacturer. All aptamer samples were obtained from Integrated 

DNA Technologies (IDT) and prepared in the same manner as described in Chapter 2. Cocaine 

hydrochloride, quinine hemisulfate monohydrate ligands, and other analytical grade reagents were 

purchased from Sigma-Aldrich. 
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4.3.1 UV Thermal Melts 

UV thermal melt experiments were performed using a Cary 100 spectrophotometer and 10 mm 

fused quartz cuvettes. The DNA melting curves were observed in a temperature range of 5 °C to 

65 °C for cocaine-aptamer experiments due thermolability of cocaine and a range of 5 °C to 80 °C 

for quinine-aptamer assays. The temperature was changed throughout each experiment at 

1 °C×min-1 using a Cary Peltier controller with an instrumental precision of ± 0.05 °C in 

milliseconds timescale. Each experiment was performed in 20 mM sodium phosphate buffer 

(pH 7.4), 140 mM NaCl. For each run, a concentration of aptamer was chosen to yield ∼0.5 

absorbance arbitrary units (a.u.) at 260 nm using the known extinction coefficients of the aptamers. 

For aptamer-quinine complexes, the amount of ligand was adjusted to provide a 95% ligand-bound 

aptamer sample using Eq. 2.1 and known Kd values. The observed UV light absorbance at 260 nm 

from 4-6 replicates was averaged and then the difference between the average sample and average 

blank absorbance was obtained. For free aptamer, the blank was the corresponding buffer; for 

aptamer-quinine samples, the blank was quinine in the stated buffer. This difference was then 

normalized (I) as: 

I = (ΔImax – ΔIi)/(ΔImax – ΔImin)    Eq. 4.1 

where ΔImax is the maximum value of the difference between the sample absorbance, ΔImin is the 

minimum value of the difference between the sample absorbance, and ΔIi is the value of the 

difference between the sample and blank absorbance at a particular temperature. Then the 

normalized absorbance values (I) were plotted against the temperature. To quantify the thermal 

denaturation (Tm) value, the first derivative of each thermal curve (dI/dT) was plotted as a function 

of temperature using OriginPro 2016 software. The maximum peak value of each dI/dT versus 
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temperature was acquired as Tm value and reported as an average with experimental standard 

deviation (SD). 

 

4.3.2 Fluorescence thermal shift assays 

Differential thermal shift assays using intrinsic fluorescence of ligands were performed to study 

the aptamer-ligand bound complex thermal stability employing a 90°-light path Cary Eclipse 

spectrofluorometer and 10 mm fused quartz cuvettes. The temperature was monitored throughout 

each experiment at 1 °C×min-1 using a Cary Peltier controller with an instrumental precision 

of ± 0.05 °C in milliseconds timescale. The thermal shifts were observed in a temperature range 

of 5 °C to 65 °C for cocaine-aptamer experiments due thermolability of cocaine and 5 °C to 80 °C 

for quinine-aptamer assays in 20 mM sodium phosphate buffer (pH 7.4), 140 mM NaCl. For 

aptamer-ligand complexes, the amount of ligand was adjusted to provide a 95% ligand-bound 

aptamer sample using Eq. 2.1 and known Kd values. 

 

Quinine-aptamer complexes were optimized for the excitation and emission maxima of 

quinine, photomultiplier tube voltage, signal-to-noise ratio, and spectral bandwidth parameters. 

The observed fluorescence emission intensities from 4 to 6 replicates were corrected for the inner-

filter effect to compensate for the loss of the light intensity by the aptamer as described in 

Chapter 2. The obtained corrected fluorescence intensities were averaged and normalized using 

Eq. 4.1 to be consistent with the UV melts. In the assays of the quinine-aptamer complexes, quinine 

was excited at 234 nm, and the emission maxima were recorded at 383 nm. For the assays of the 

cocaine-aptamer complexes, cocaine was excited at 232 nm, and the maximum fluorescence 

intensity was detected at 320 nm. The obtained fluorescence intensities were averaged. Then the 
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difference between the average bound and average fluorescence intensity of blank ligand was 

obtained. This difference was then normalized as: 

F = (ΔFi – ΔFstart)/(ΔFend – ΔFstart)      Eq. 4.2 

where ΔFstart is the value of the difference between the fluorescence intensity of the ligand-aptamer 

mixture and free ligand fluorescence intensity at the start of the melt (lowest temperature), ΔFend 

is the value of the difference between the fluorescence intensity of the ligand-aptamer mixture and 

free ligand fluorescence intensity at the end of the melt (highest temperature), and ΔFi is the value 

of the difference between the fluorescence intensity of the ligand-aptamer mixture and free ligand 

fluorescence intensity at a particular temperature. The normalized fluorescence (F) was then 

plotted against temperature. To quantify the thermal shift, the first derivative of each thermal 

curve (dF/dT) was plotted as a function of temperature [183]. The maximum peak value of each 

dF/dT versus temperature was acquired as Tm value and reported as average with experimental 

standard deviation (SD). 

 

4.4 Results 

4.4.1 Aptamer thermal stability analysis of stem 2 optimization 

The thermal stability of the different stem 2 variants both free and bound to quinine was analyzed 

by UV melting experiments. All the constructs displayed evidence of being unfolded in the free 

state as their UV light absorbance at 260 nm (A260) versus temperature plots displayed no sign of 

a typical sigmoidal denaturation curve (Figure 4.2). In the presence of quinine, all the constructs 

exhibited a sigmoidal melt curve as shown for MN19•quinine and OR3•quinine in Figure 4.2. 

From a first-order derivative analysis, the Tm values for the aptamer•ligand complexes were 

obtained and are listed in Table 4.1. These data show that the MN19•quinine complex has the 
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lowest Tm value (35.5 ± 0.3 °C) and OR3 has the highest Tm value (44.2 ± 0.1 °C). As a comparison 

for the UV melt analysis, the stability of MN19 and OR3 were also analyzed using a fluorescence 

thermal shift assay based on the differential scanning fluorimetry technique [184]. 

 

The presented differential scanning fluorimetry method is very sensitive, and the effects of 

both quinine and cocaine binding on the stability of MN19 and OR3 were investigated. When the 

 
 
Figure 4.2 Analysis of thermal stability using UV-monitored melting curves. Shown is the 
normalized UV absorbance at 260 nm for the (a) MN19 both free (open pink squares) and quinine-
bound (filled blue squares) and (b) OR3 free (open red circles) and quinine-bound (filled blue 
circles). On top are the UV260 absorbance plots in a temperature range of 5 °C-80 °C. On the 
bottom, the first-order derivatives of the melts are shown. Dashed lines designate the Tm point of 
aptamer-quinine complexes. Each data point denotes an average of 4-6 experiments with the error 
bars corresponding to one standard deviation. Data acquired in 20 mM sodium phosphate buffer 
(pH 7.4), 140 mM NaCl. 
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aptamer binds its ligand, quinine and cocaine fluorescence intensity is quenched [104]. In this 

assay, the increase in the intrinsic fluorescence intensity of a ligand is measured as the ligand is 

released when the aptamer is thermally unfolded. First derivative analysis of the MN19•cocaine 

thermal shift provides a Tm value of (26.6 ± 0.8) °C while the OR3•cocaine complex has a Tm 

value of (31.0 ± 0.7) °C (Figure 4.3). For the MN19•quinine thermal shift, a Tm value of (35.2 ± 

0.3) °C was obtained, and for the OR3•quinine complex a Tm value of (44.6 ± 0.7) °C was 

measured. 

 

 

 

Table 4.1 Thermal denaturation temperature for aptamer-quinine complexes determined using 
UV melts and fluorescence shift assays1. 
Aptamer Free (UV) (°C) Quinine-bound (UV) (°C) Quinine-bound (Fluorimetry) (°C) 

OR8 ND 28 ± 1 27.0 ± 0.9 

MN19 ND 35.6 ± 0.3 35.2 ± 0.5 

35.5 ± 0.3 
 

OR9 42.6 ± 0.6 44.1 ± 0.4 44.2 ± 0.7 

OR10 51.6 ± 0.4 53.1 ± 0.4 53.1 ± 0.6 

MN4 56.7 ± 0.4 57.6 ± 0.4 57.6 ± 0.5 

OR11 61.7 ± 0.6 62.1 ± 0.2 62.6 ± 0.3 

MN20 
 

40.2 ± 0.2 
 

OR1 
 

44.0 ± 0.2 
 

OR2 
 

43.7 ± 0.3 
 

OR3 
 

44.2 ± 0.1 
 

1Data acquired in 20 mM sodium phosphate (pH 7.4), 140 mM NaCl. The values reported are 
averages of 4-6 individual experiments. The error range reported is one standard deviation. ND 
denotes no thermal denaturation detected. 
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4.4.2 Aptamer thermal stability analysis of stem 1 optimization 

I have analyzed the stability of the free and quinine-bound aptamers using UV-based thermal melts 

as well as using differential scanning fluorimetry thermal shift analysis for the quinine-bound 

aptamers. For free OR8 and MN19 the UV melts were non-sigmoidal providing evidence for the 

absence of a folded structure of the unbound aptamer (Figure 4.3a). This confirms the findings 

 
Figure 4.3 Analysis of the thermal stability of the unbound and quinine-bound aptamer constructs. 
Shown are the normalized UV absorbance at 260 nm for the OR8 (green), MN19 (red), OR9 
(magenta), OR10 (blue), MN4 (brown), and OR11 (black) aptamer constructs: (a) unbound and 
(b) quinine-bound states. Analysis of the thermal stability of the aptamer-quinine complexes using 
differential scanning fluorimetry thermal shift analysis is shown in (c). Each data point denotes an 
average of 4-6 experiments with the error bars corresponding to one standard deviation. Data 
acquired in 20 mM sodium phosphate buffer (pH 7.4), 140 mM NaCl. 
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from the 1D NMR spectra of the studied aptamers, performed by other lab members, that also 

provided evidence for the absence of a fully folded unbound OR8 or MN19 aptamer. When bound 

to quinine the aptamers with stem 1 having two to seven base-pair-long showed a sigmoidal 

denaturation curve (Figure 4.3b) with Tm values provided in Table 4.1. These values showed that 

as stem 1 progressively elongated, the Tm values also progressively increased. These UV melts 

were confirmed using a fluorimetry based thermal shift assay looking at the quinine ligand being 

released from the bound aptamer (Figure 4.3c). 

 

As previously demonstrated in Chapters 2 and 3, binding of aptamer quenches the intrinsic 

fluorescence of quinine [104]. Both the UV and fluorimetry-based thermal melting experiments 

match within the error ranges of each other. In all of the aptamers analyzed, the Tm value of the 

quinine-bound aptamer is higher than that of with the free aptamer. This indicates that ligand 

binding is occurring, and that quinine binding stabilizes the structure of the examined aptamer 

variants. 
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4.5 Discussion 

The primary goal of this project was to develop a thermally stable version of the cocaine-binding 

aptamer based on the rational design of its nucleotide sequence. The objectives were: 

(1) to retain the ligand-induced structure-switching binding mechanism by retaining the three-

base-pair stem 1 sequence. 

 
 
Figure 4.4 Analysis of thermal stability using differential scanning fluorimetry thermal shift 
analysis. Displayed are the average intrinsic fluorescence responses for OR3- and MN19-ligand 
complexes. (a) On top is the MN19•cocaine complex (red) and OR3•cocaine (green) thermal shift 
assays. Cocaine is excited at 232 nm, and emission maxima detected at 320 nm in a temperature 
range of 5 °C-65 °C. (b) On top is the MN19•quinine complex (red) and OR3•quinine (green) 
thermal shift assays. Quinine is excited at 234 nm, and emission maxima detected at 383 nm in a 
temperature range of 5 °C-80 °C. On the bottom of each panel is the first derivative of the 
MN19•ligand and OR3•ligand thermal shifts. Dashed lines indicate the Tm point of each aptamer-
ligand complex. Each data point denotes an average of 4-6 experiments with the error bars 
corresponding to one standard deviation. Data acquired in 20 mM sodium phosphate buffer 
(pH 7.4), 140 mM NaCl. 
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(2) to retain the ligand-binding affinity of the original MN19 sequence by not changing the 

nucleotides likely to be involved in interacting with the ligand (in stems 1 and 3, and at the 3WJ) 

as identified by previous sequence variation and NMR-based chemical shift perturbation 

studies [58]. 

(3) to optimize the nucleotide sequence in stem 2 to increase the thermal stability of the bound 

aptamer. 

 

The results shown in this chapter demonstrate that I have achieved stated objectives. As 

verified by the imino NMR spectra of the OR3 aptamer, performed by other lab members, this 

aptamer molecule retains the ligand-induced structure switching mechanism of the original short 

stem 1 construct MN19. The OR3 aptamer was chosen for structural analysis since it has the 

highest melt temperature of the aptamer-quinine complexes studied (Table 4.1). Additional NMR 

studies have shown that the OR3 aptamer is loosely or poorly structured in the free state and 

becomes structured as cocaine is titrated in the solution and bound by the aptamer. This behaviour 

is similar to other short stem 1 aptamers we have studied [66,147]. 

 

The exact structural nature of the ligand-free short stem 1 aptamer state is not known. Small 

angle X-ray scattering (SAXS), a method that measures hydrodynamic parameters of molecules, 

shows that there is little change in the radius of gyration (Rg) or the maximum interatomic vector 

in the molecule (Rmax) between free and ligand bound MN19 [67]. As seen in the NMR spectra, 

the fact that there are some imino signals present in the free state shows that some base pairs do 

form in stems 2 and 3 in the absence of ligand. The absence of some observable imino signals is 

possibly due to a high level of dynamics in the free state that is reduced with ligand binding. This 
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reduction in dynamics is reflected in the reduction of the imino hydrogen exchange rates of both 

long and short stem 1 cocaine-binding aptamers upon ligand binding [179]. The loosely folded 

structure of the free short stem 1 construct, as demonstrated by the NMR spectra obtained by other 

lab members, is shared by both MN19 and OR3. 

 

ITC methods, performed by other lab members, were used to measure the ligand binding 

ability of the series of short stem 1 constructs studied here. Previously, we demonstrated that the 

MN20 construct bound cocaine tighter than MN19 [58]. In the OR1, OR2 and OR3 constructs, the 

sequence alterations used to optimize the thermal stability do not adversely affect cocaine binding 

but yield a marginally tighter binding aptamer than MN19. Due to it having the highest thermal 

stability, OR3 was chosen for further ligand binding analyses using quinine as the ligand. Quinine 

binds the cocaine binding aptamer ~50 fold tighter than cocaine [68], ITC analyses, performed by 

other lab members, show that OR3 binds quinine slightly tighter (21 ± 2 µM) than it does with 

MN19 (26.7 ± 0.7 µM) in 20 mM Tris (pH 7.4), 140 mM NaCl, 5 mM KCl at 20 °C, mirroring the 

relative affinity seen for cocaine binding by these two aptamer variants. 

 

The sequence changes in stem 2 of OR3 coincide with the location of the NaCl 

concentration-dependent second (low affinity) ligand-binding site in the cocaine-binding 

aptamer [185]. We therefore tested OR3 binding to quinine under buffer conditions of no added 

NaCl and determined that OR3 retains the ability to bind two molecules of quinine. In particular, 

the Kd values of the high affinity site of MN19 and OR3 are identical within the error ranges but 

the Kd value at the low-affinity site, the NaCl concentration dependant site in stem 2 is significantly 

lower in OR3 than in MN19. When comparing the sequence of stem 2 in OR3 and MN19 we have 
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retained the same number of Watson-Crick base pairs in both constructs though we have changed 

their identities. Retaining weak two-site binding in OR3 implies that binding at the second site 

depends at least to some extent on the shape of the aptamer though the exact identity of the base 

pairs is needed for high affinity binding at this site. 

 

The thermal stability of the structure-switching version of the cocaine-binding aptamer was 

optimized by changing the sequence in stem 2 to maximize ΔG according to the nearest neighbor 

thermodynamic parameters [186,187]. Additionally, the GAA triloop was shown to be the most 

stable DNA triloop sequence [188]. Simply changing the AT base pairs in MN19 to be GC base 

pairs, as in MN20, produced an increase in Tm value of 4.7 °C for the aptamer-quinine complex. 

By optimizing the sequence through staggering the GC base pairs, as in OR1, the Tm value of the 

aptamer-quinine complex increased to 44.0 °C. The final optimization step of replacing the AAA 

triloop with the more stable GAA triloop produced an improved Tm value for OR3•quinine to 

44.2 °C. The increase in Tm values measured by UV melts was replicated using a differential 

scanning fluorimetry thermal shift assay (Figure 4.4). The Tm values obtained in these assays for 

both MN19•quinine and OR3•quinine matched those found using UV melting experiments to 

within the experimental error. 

 

Presented results in this chapter in combination with other lab members’ results, 

demonstrate that the OR3 construct is useful for researchers, who use the cocaine-binding aptamer 

in biosensor development because a great proportion of the aptamer•ligand complex will be folded 

using the OR3 sequence at room temperature (20-25 °C). Therefore, this should provide a more 
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intense signal in an assay (i.e., electrochemical aptamer-based sensing) that depends on the 

structure-switching function of the aptamer. 

 

The OR3 and MN19 aptamer constructs bound to cocaine were chosen for further stability 

analysis using the fluorescence-based thermal shift assay. Consistent with the lower binding 

affinity of MN19 and OR3 to cocaine than quinine, the MN19 and OR3 complexes with cocaine 

have a lower Tm value than their respective complexes with quinine. Additionally, as seen in the 

quinine complexes, the OR3•cocaine complex is more stable than the MN19•cocaine complex.  

 

Our proposed mechanism for what is occurring is that the sequence changes made in OR3 

have stabilized either the unbound aptamer state, but not enough to produce a folded unbound 

aptamer. Alternatively, it is possible that sequence changes in OR3 have stabilized the ligand-

bound folded state with respect to MN19. I think that each ligand interacts with MN19 and OR3 

with roughly the same ΔG value, less free energy from binding needs to go into folding the OR3 

aptamer than the MN19 aptamer leaving more free energy to go into the observed binding free 

energy resulting in tighter binding observed for the OR3 aptamer and a higher melt temperature 

than we observe for MN19 (Figure 4.5). 

 

Results presented here support a general mechanism where it is possible to destabilize an 

aptamer in order to improve ligand selectivity for tighter binding ligands. The trade-off for this 

improved selectivity is to gain a reduced affinity for the new aptamer-ligand pairing. 
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 In previous studies by Reinstein et al., the reverse process was examined by adding a base 

pair to the deoxycholic acid steroid-binding aptamer to increase the stability of an aptamer, where 

a single base pair added in the terminal stem to improve the stability of the deoxycholic acid 

aptamer [66]. The aptamer was still unfolded while free and became structured with ligand 

binding. This increase in the stability of the free and unfolded, aptamer was needed due to the 

weak binding by the ligand (∼15 μM) and consequently smaller amount of free energy available 

to contribute to folding. Figure 4.5 illustrates the thermal stability results combined with NMR and 

ITC results, performed by other lab members. 

 

For OR8 and MN19 the unbound state is below the threshold for a fully structured aptamer 

whereas the free aptamer is folded for aptamers with a stem 1 four base-pairs and longer. The free 

energy of quinine binding is greater than that of cocaine binding as manifested in the tighter 

 

 
 
Figure 4.5 Free energy diagram outlining the binding scheme observed for the cocaine-binding 
aptamer with a varying stem 1 length. The horizontal black line indicates the level below which 
the aptamer or aptamer-ligand complex folds. The relative energy levels of unfolded states are not 
indicated. 
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binding of quinine compared to cocaine. These results suggest that the binding of a ligand interacts 

about equally with each folded unbound aptamer. This is shown by the ΔG of quinine and cocaine 

binding being within the error range for the aptamers OR9, OR10, MN4, and OR11. Additionally, 

the difference in the unbound free energy of OR9 to OR11 is roughly equal since they all differ by 

one GC base pair. 

 

4.6 Conclusion 

Thermal stability analyses presented in this chapter confirmed the development of a new cocaine-

binding aptamer construct (OR3) that retains the ligand-induced structure-switching binding 

mechanism critical to biosensing applications, has a Kd value slightly tighter than the original 

MN19 aptamer, and has a significantly higher melt temperature when bound to both cocaine and 

quinine than observed for the original sequence. 

 

The more favorable thermal stability characteristics of the OR3 aptamer should make it a 

useful construct of the cocaine-binding aptamer in biosensing applications. Furthermore, the 

stem 1 length optimization results provided here should suggest a direction for the development of 

surface-sensitive sensor techniques using the cocaine-binding aptamer. The use of an aptamer with 

2 base pairs in stem 1, such as OR8, may provide a more sensitive sensor when using quinine as 

an analyte rather than the 3-base-pair-long MN19 because it may transition from an unfolded 

unbound state to a folded bound state. 

 

The binding free energy supplied by quinine is enough to fold the OR8 and MN19 aptamer 

constructs, but cocaine binding only supplies enough free energy to fold MN19 and not the less 
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stable OR8. This implies more amount of free energy is required to fold OR8 than to fold MN19. 

For OR8, the free energy supplied by quinine binding is enough to fold the aptamer and supply an 

apparent Kd of (11.2 ± 0.5) μM. In contrast, the ΔG supplied by cocaine binding is not enough to 

fold this aptamer. Hence, no binding is observed with OR8-cocaine. For MN19, the ΔG supplied 

by both quinine and cocaine are enough to fold the aptamer with the excess amount resulting in 

the apparent Kd values of 0.47 µM and 21 µM, respectively, as previously discussed in 

Chapter 3 (Table 3.1).  
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Chapter 5: Analysis of the role played by ligand-induced folding of the cocaine-binding 
aptamer 

 

5.1 Preface  

Presented work in this chapter has been published in the article listed below [189]: 

• Shoara, A. A., Churcher, Z. R., Steele, T. W. J., and Johnson, P. E. (2020) Analysis of the role 
played by ligand-induced folding of the cocaine-binding aptamer in the photochrome aptamer 
switch assay. Talanta, 217, 121022. 
 

5.2 Introduction 

The Photochrome Aptamer Switch Assay (PHASA) is a fluorescence-based biosensing assay that 

exploits the ligand-induced folding, or adaptive binding mechanism, of an aptamer to alter the 

photoisomerization kinetics of stilbene. This change is consequently used to detect ligand binding 

by the aptamer [102,103,190]. As reviewed for photoisomerization in Section 1.4.2, the trans-

isomer of stilbene is fluorescent, while the cis isomer has a much lower quantum yield at a given 

excitation wavelength (Figure 5.1). 

 

When stilbene is irradiated with excitation light, the fluorescence decay rate for the trans-

isomer is sensitive to the viscosity of its surrounding environment, its dynamics or spatial mobility, 

or some combination thereof [102]. Moreover, when the trans-isomer is attached to an aptamer 

that undergoes ligand-induced folding, the local viscosity and mobility of the stilbene becomes 

altered and as a result, the fluorescence decay changes. 
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The aptamer-stilbene conjugate combines a molecular recognition element (the aptamer) 

with stilbene acting as a fluorescent transducer, where a first-order decay in fluorescence quantifies 

ligand binding:  

𝐹 = 𝐹$𝑒6����%      Eq. 5.1 

where Fo is the fluorescence intensity at t = 0, and kapp is the apparent fluorescence decay rate in 

units of per second. This assay has the advantages that is independent of background fluorescence, 

does not require analyte separation, and the signal is detected quickly within seconds [103,190]. 

 
Figure 5.1 Shown are the sequences and secondary structures of the MN4 and MN19 aptamers 
with their 5′-C6 amino (-C6H12NH2) modifiers, the structure of cocaine and the structure of the 
SITS fluorescence tag in equilibrium between the cis and trans isomers. Nucleotides in both 
constructs are numbered in the same manner as in MN4. Dashes between nucleotides indicate 
Watson-Crick base pairs while dots indicate non-canonical base pairs. 
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In this work, I demonstrate the general applicability of the PHASA by showing that this 

assay also functions using the cocaine-binding DNA aptamer. When stem 1 of the cocaine-binding 

aptamer contains three or fewer base pairs (Figure 5.1; MN19), the aptamer is unfolded or loosely 

folded in the free state, and folds in the presence of its ligand. When stem 1 contains four or more 

base pairs (Figure 5.1; MN4) the aptamer is folded in the free form and remains folded when 

bound, and little structural rearrangement occurs upon ligand binding [64,177,179]. Since the 

cocaine-binding aptamer was first selected [61], it has found widespread use in the development 

of biosensors mainly using the structure-switching version of the aptamer [62,146,150,180,191–

193]. I think when the PHASA is used with the cocaine-binding aptamer, the short stem 1 version 

of the aptamer should display a larger change in fluorescence decay and would be more sensitive 

to cocaine binding than the long stem 1 version of the aptamer. 

 

This study shows that the cocaine-binding aptamer, with its stem 1 length-dependent 

binding mechanism, is an excellent example of an aptamer model, where PHASA can be tested 

and utilized. In the present work, I attached the stilbene compound SITS (Figure 5.1) to the 5’ end 

of two versions of the cocaine-binding aptamer. One version, MN19, undergoes a structure-

switching binding mechanism while the other, MN4, is structured in the free state and little 

structure change occurs with ligand binding [64]. I used UV-based thermal melts of the aptamer-

SITS conjugates to see how the addition of SITS affects the thermal stability of the aptamers. Then, 

the PHASA-derived limit of detection for cocaine was determined using both the MN4-SITS and 

MN19-SITS conjugates. Results presented in this chapter clearly demonstrate that the structure-

switching aptamer is significantly more sensitive in cocaine detection. 
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5.3 Materials and Methods 

5.3.1 Materials 

SITS (4-acetamido-4′-isothiocyanato-2,2′-stilbenedisulfonic acid disodium salt) and cocaine 

hydrochloride samples were obtained from Sigma-Aldrich. In order to covalently link SITS to the 

aptamer constructs, the MN4 and MN19 sequences (Figure 5.1) were synthesized with a 5′-

C6H12NH2 (n-hexylamine) group. All aptamer samples were obtained from Integrated DNA 

Technologies (IDT). Prior to use, the DNA samples were dissolved in distilled deionized Milli-Q 

water (ddH2O) and then exchanged three times using 3-kDa molecular weight cut-off 

concentrators with sterilized 1 M NaCl followed by three exchanges into ddH2O. Aptamer, ligand 

and SITS concentrations were determined by UV absorbance spectroscopy using the extinction 

coefficients supplied by the manufacturers. 

 

5.3.2 Aptamer-SITS conjugation 

The covalent conjugations of MN4 and MN19 to trans-SITS were individually performed through 

the amine-isothiocyanate reaction [3]. To inhibit random photoisomerization of trans-SITS, all the 

SITS powder and solutions were kept under dark conditions. To allow the MN4 and MN19 aptamer 

constructs to anneal in an intermolecular manner, aptamer samples were incubated in a 95 °C water 

bath for 3 min and cooled in an ice-water bath for 5 min. Then, aptamer samples were allowed to 

equilibrate at 20 °C prior to the conjugation reaction. The MN4 and MN19 aptamers were mixed 

in 100-fold of molar excess SITS in 100 mM potassium bicarbonate buffer (pH 10) at 150 rpm 

shaking for at least 12 h under dark conditions to form the MN4-SITS and MN19-SITS aptamers, 

respectively. The conjugation reactions were done at 20 °C, which is below the expected thermal 

denaturation points (Tm) of these aptamer constructs, in order to retain their secondary 
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structures [176]. The aptamer-SITS products were washed and concentrated for 10 times using the 

described ultracentrifugation method. To confirm the 1:1 molar ratio of aptamer-SITS products, 

the relative UV absorbance at 260 nm and 340 nm of aptamer-SITS were measured. 

 

5.3.3 Fluorescence decay kinetics 

The analyses of fluorescence decay kinetics of MN4-SITS and MN19-SITS were performed in 

20 mM Tris buffer (pH 7.4), 140 mM NaCl at 15 °C, 20 °C, 25 °C and 30 °C employing a Cary 

Eclipse fluorescence spectrophotometer and 10-mm fused quartz cuvettes. The temperature was 

maintained constant throughout each experiment using a Cary Peltier controller. Next, the 

spectrofluorometer was optimized for the limit of detection to maintain constant photomultiplier 

tube voltage, signal-to-noise ratio, and spectral bandwidth parameters. Since the studied DNA 

aptamers and cocaine had no light absorbance at (340 ± 10) nm, the inner-filter effect for the loss 

of the excitation light intensity was not calculated [194]. 

 

5.3.4 Structure-switching binding analysis by stilbene fluorescence anisotropy 

We measured the fluorescence anisotropy decay of SITS as a function of cocaine concentration in 

20 mM Tris buffer (pH 7.4), 140 mM NaCl at 15 °C. As discussed in Section 1.4.1, the 

fluorescence anisotropy of SITS depends on the ratio of the polarized light, and it is independent 

of the absolute emission intensity magnitudes [195,196]. Using a pair of manual Cary Eclipse light 

polarizers, the instrument grating factor (G) was measured as: 

 𝐺 = 𝐼#�/𝐼##       Eq. 5.2 

where Ihv is the integrated vertical emission intensity of SITS from 350 nm to 600 nm at the 

horizontal excitation at 340 nm. Also, Ihh is the integrated horizontal emission intensity of SITS 
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from 350 nm to 600 nm at the horizontal excitation at 340 nm. Then the polarized Ivv and Ivh at 

each titration point was measured as a function of decay time, and the fluorescence anisotropy (r) 

values calculated as in Eq. 5.3: 

  r = [Ivv –(GIvh)] / [Ivv +(2GIvh)]    Eq. 5.3 

The results from three trials were averaged and plotted as a function of cocaine concentration 

[197,198]. To quantify the Kd values and compare the binding affinities obtained by this method 

with published data, the binding curves were fitted to a one-site binding function (Eq. 2.5) 

[104,195]. 

 

5.3.5 Method validation 

The threshold of detection for the PHASA method employing the cocaine-binding aptamer 

conjugate and the CLoD for cocaine binding were determined from the residual standard deviation 

of the regression data obtained from the least square regressions of the linear region of the dose-

response curve [121,199]. I determined the CLoD of cocaine using fluorescence kinetics decay of 

1.0 μM aptamer-SITS with varying cocaine concentrations in both simple and complex matrices 

at 15 °C. 

 

The obtained fluorescence kinetics decay constants (kapp) were plotted as a function of 

cocaine concentration. The CLoD of aptamer-SITS and the CLoD of cocaine were separately 

quantified as: 

𝐶�$� =
at�/m
D

       Eq. 5.4 

where Sy/x is the calculated standard deviation of the linear regression residuals, and m is the fitted 

slope analyzed in the OriginPro software package [122,132]. The simple buffer solution consists 
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of 20 mM Tris buffer (pH 7.4) 140 mM NaCl. To examine the accuracy of the assay, the 

fluorescence decay kinetics of MN4-SITS and MN19-SITS were performed in a non-binding light 

absorbing complex matrix at 15 °C. The complex matrix conditions included the simple buffer 

components plus 50 μM each of: ATP, atropine sulfate, benzoic acid, choline, creatine phosphate, 

CTP, dapsone, glycine, GTP, isopropyl β-D-1-thiogalactopyranoside (IPTG), L-ascorbic acid, L-

glutamic acid, triethylamine and UTP as well as 5.5 mM D-glucose and 140 mM glycerol. 

 

A spike-recovery experiment was performed to assess the difference in the assay response. 

To perform a spike-recovery experiment, randomly selected known amount of cocaine was added 

to the experimental matrix and a standard buffer diluent, individually. Then, the two sets of 

responses were compared based on values obtained from a standard curve [123]. To evaluate the 

precision of this analysis, relative standard deviation (%RSD) of the mean standard values, or 

coefficient of variation (%CV), were calculated as: 

%𝐶𝑉 = t�
DCw&

× 100       Eq. 5.5 

The obtained CV values were then compared with the among-laboratory relative standard 

deviation (RSDR) using the Horwitz equation: 

%𝑅𝑆𝐷𝑅 = 2(R6b.d�$�0)     Eq. 5.6 

 

The linearity of each experiment was evaluated through a linear regression analysis 

of normalized kapp values versus cocaine concentration. Similarly, the range of linear detection 

threshold was evaluated in a calibration plot of fluorescence intensity of SITS as a function of 

conjugated aptamer-SITS concentration [123]. 
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5.3.6 UV- monitored thermal denaturation 

UV thermal melt experiments on MN4-SITS and MN19-SITS both free and cocaine-bound were 

performed using a Cary 100 spectrometer and 10 mm fused quartz cuvettes. The temperature 

increase rate for each experiment was 1 °C×min-1 as controlled by a Cary Peltier unit. The DNA 

melting curves were acquired in a temperature range from 5 °C to 75 °C. Each experiment was 

performed in 20 mM Tris buffer (pH 7.4), 140 mM NaCl. For each ligand-aptamer complex, a 

concentration of the aptamer-SITS was chosen to yield ~0.5 a.u. at 260 nm using extinction 

coefficients of the aptamer. The ligand to conjugated aptamer molar ratio was kept constant at 95% 

ligand-bound using Eq. 2.1. The data was acquired at 0.5 °C×min-1. To quantify the thermal shift 

points, the first derivative of each thermal curve was plotted as a function of temperature using 

OriginPro software as described in Chapter 4 [132,176]. 

 

5.4 Results 

5.4.1 Stability and structural analysis of SITS-modified aptamers 

The thermal stability of the MN19-SITS and MN4-SITS conjugates free and cocaine-bound were 

assessed using UV spectroscopy and measuring the absorption at 260 nm (Figure 5.2). There is no 

statistical difference between the free and cocaine-bound MN4-SITS. The unbound MN4-SITS 

aptamer melts at (57.1 ± 0.8) °C while the cocaine•MN4-SITS complex melts at (57.1 ± 0.5) °C. 

The cocaine-bound MN19-SITS aptamer shows the typical sigmoidal transition for a folded 

molecule and melts at (33.0 ± 0.6) °C as displayed in Figure 5.2 a,b. The unbound MN19-SITS 

aptamer does not show a transition expected of a folded nucleic acid molecule. Instead, the 

absorption gradually increases as temperature rises (Figure 5.2 c,d).  
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The folding of the MN19-SITS aptamer was evaluated by other lab members using a 1D 1H 

NMR spectroscopy in the absence and presence of cocaine. In the free state, MN19-SITS displays 

an NMR spectrum highly similar to what we previously observed for unconjugated and unbound 

MN19 [58,179]. 

 

Figure 5.2 Analysis of thermal stability using UV melting curves. Displayed is the normalized 
UV absorbance at 260 nm for: (a, b) the free MN4-SITS (blue) and cocaine-bound MN4-SITS 
(red); (c, d) free MN19-SITS (brown) and cocaine-bound MN19-SITS (green). Dashed lines 
designate the Tm points of the aptamer. Each data point denotes an average of three experiments 
with the error bars corresponding to one standard deviation. Shown below each absorption plot 
are the first derivative curves. Data acquired in 20 mM Tris (pH 7.4), 140 mM NaCl. 
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5.4.2 Determination of binding affinity using fluorescence anisotropy 

We used fluorescence anisotropy to measure the binding affinity of the MN19-SITS aptamer to 

cocaine. Fluorescence anisotropy correlates to the hydrodynamic radius of the molecule for which 

the anisotropy is measured. As shown in Figure 5.3, I determined that the affinity of MN19-SITS 

for cocaine is (22 ± 3) μM at 15 °C by measuring the observed fluorescence polarization decay 

upon addition of cocaine. 

 

5.4.3 Fluorescence kinetics of SITS as a function of cocaine concentration and temperature 

We measured the fluorescence kinetics of MN19-SITS and MN4-SITS at constant intensity with 

excitation and emission settings positioned to detect the concentration of trans-stilbene. 

 

Figure 5.3 Fluorescence anisotropy decay plot of the MN19-SITS upon the addition of cocaine in 
20 mM Tris (pH 7.4), 140 mM NaCl at 15 °C. The aptamer-SITS complex is excited at 340 nm 
and polarized decay emissions at 422 nm are detected as a function of ligand concentration. Error 
bars are one SD of at least three trials. Solid fitted line represents non-linear binding analysis using 
Eq. 2.5.  
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First order decay was determined as a function of cocaine concentration (Figure 5.4). We observe 

that for the MN19-SITS aptamer, as the cocaine concentration increases, the apparent rate for the 

fluorescence decay decreases. For the MN4-SITS conjugate, the addition of cocaine did not alter 

the apparent decay rate to the extent it did for MN19-SITS (Figure 5.4). For MN19-SITS at 15 °C 

 
 
Figure 5.4 Fluorescence decay kinetics of MN4-SITS free and bound to cocaine (top) and MN19-
SITS free and bound to cocaine (bottom). The aptamer-SITS conjugate is continuously excited at 
340 nm and emissions at 422 nm are simultaneously detected as a function of time using a Cary 
Eclipse fluorescence spectrophotometer. Each normalized curve is fitted to the first-order decay 
function Eq. 5.1 (solid line) to quantify the apparent trans-cis decay kinetic constants (kapp). 
Triplicate experiments were performed in 20 mM Tris (pH 7.4), 140 mM NaCl at 15 °C. 
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and 20 °C, the addition of cocaine has a large effect on the measured kapp value as compared with 

MN4-SITS.  

 

This observation is consistent with MN19-SITS undergoing ligand-induced folding at both 

of these temperatures (15 °C and 20 °C). However, the slopes of MN19-SITS did not exhibit a 

linear trend at 25 °C and 30 °C while the fits for MN4-SITS remained linear (Figure 5.5, 

Table 5.1). We attribute this to the fact that MN19-SITS is only partially folded below 25 °C 

(Figure 5.2), and consequently the slope of decay is relatively unchanged with ligand addition at 

15 °C and 20 °C (Table 5.1). The slope of MN4-SITS does not change appreciably across these 

temperatures as this aptamer does not undergo ligand-induced folding, and consequently the 

apparent decay rates are relatively unchanged. 

 

A series of stilbene fluorescence decay experiments were designed to evaluate non-specific 

stilbene interactions. Any possible stilbene interference was evaluated with the following 

conditions: (i) neat SITS, (ii) SITS + Aptamer, (iii) SITS + Ligand, (iv) SITS + Aptamer + Ligand. 

All of these experiments showed similar decay curves with the kapp values given in Table 5.2. None 

of these conditions showed any significant differences in the presence or absence of cocaine. This 

suggests that fluorescence decay of stilbene is not appreciably altered by non-specific interactions 

with free aptamer, ligand, or combination of the two. We quantified the apparent rates of decay as 

a function of cocaine concentration at temperatures of 15 °C, 20 °C, 25 °C, and 30 °C and plotted 

the normalized kapp against concentration of cocaine (Figure 5.5, Table 5.1). 
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Figure 5.5 Plots of the measured apparent decay kinetic constants (kapp) of MN4-SITS (blue) and 
MN19-SITS (orange) as a function of cocaine concentration. Solid lines represent linear regression 
analyses. Obtained linear regression slopes are listed in Table 5.1 for statistical analysis. Data were 
acquired in triplicate with the standard deviation indicated by the error bars at the temperatures 
indicated on each panel. 
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5.4.4 PHASA sensitivity using the cocaine-binding aptamer 

The threshold of detection for the PHASA method with the cocaine-binding aptamer conjugate 

and the CLoD for cocaine binding were determined in both buffer and a complex matrix (Figure 4.6) 

and are presented in Table 5.3. The threshold of detection for the PHASA method showed no 

statistical difference between the MN4-SITS and the MN19-SITS in buffer or in the complex 

matrix. When comparing the threshold of detection for the PHASA method between buffer and 

the complex matrix, the threshold is significantly lower in the buffer. 

Table 5.1 Linear regression values determined from measured apparent decay kinetic constants 
(kapp) versus cocaine concentration analyzed in Figure 5.5. 
Linear 
regression 
parameters 

MN4-SITS in 
simple buffer  

MN19-SITS in 
simple buffer1 

MN4-SITS in 
complex matrix2 

MN19-SITS in 
complex matrix2 

15 °C 
Slope 
(µM-1) 

-1.6 × 10-3 ± 
1.0 × 10-4 

-1.7 × 10-2 ± 
2.2 × 10-4 

-3.1 × 10-3 ± 
2.0 × 10-4 

-1.5 × 10-2 ± 
2.9 × 10-4 

R2 0.9948 0.9988 0.9937 0.9970 

20 °C 
Slope 
(µM-1) 

-8.3 × 10-4 ± 
1.5 × 10-4 

-1.4 × 10-2 ± 
5.6 × 10-4 

ND ND 

R2 0.7438 0.9939 ND ND 

25 °C 
Slope 
(µM-1) 

-2.0 × 10-3 ± 
6.8 × 10-5 

-2.7 × 10-4 ± 
3.1 × 10-4 

ND ND 

R2 0.9898 0.0556 ND ND 

30 °C 
Slope 
(µM-1) 

-1.3 × 10-3 ± 
5.6 × 10-4 

7.3 × 10-3 ± 
7.6 × 10-3 

ND ND 

R2 0.9981 0.0704 ND ND 
1Samples in 20 mM Tris (pH 7.4), 140 mM NaCl. 
2Complex matrix included the simple buffer components plus 50 µM each of: ATP, atropine 
sulfate, benzoic acid, choline, creatine phosphate, CTP, dapsone, glycine, GTP, IPTG, L-
ascorbic acid, L-glutamic acid, triethylamine and UTP as well as 5.5 mM D-glucose and 
140 mM glycerol. 
Error is the standard error of the fit. Parameters that failed linearity were not plotted (shaded in 
gray). ND denotes Not Determined. 
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Figure 5.6 Aptamer sensor threshold and concentration limit of detection for the Photochrome 
Aptamer Switch Assay applied to the cocaine-binding aptamer. (a) Calibration plot for the 
measured apparent decay kinetic constants (kapp) of MN4-SITS (blue) and MN19-SITS (red) as a 
function of cocaine concentrations in the absence (solid line) and presence (dashed line) of a 
complex mixture. (b) Calibration plot for the measured fluorescence intensity of MN4-SITS and 
MN19-SITS in buffer and a complex mixture. All samples included 20 mM Tris (pH 7.4), 140 mM 
NaCl at 15 °C. 
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For cocaine binding, the CLoD is significantly lower using MN19-SITS compared with the 

MN4-SITS conjugate (Figure 5.6). For both MN4-SITS and MN19-SITS binding cocaine the CLoD 

is lower in the Tris buffer, but the difference is within the error range. Analytical performance for 

method validation such as spike-recovery test results are provided in Table 5.4. 

 

Table 5.2 Results of the fluorescent decay experiments for the evaluation of non-specific 
interactions1. 
Sample kapp (s-1) 
SITS, MN19 0.054 ± 0.004 
SITS, MN19, 50 µM cocaine 0.059 ± 0.005 
Free SITS 0.054 ± 0.001 
SITS, MN4 0.053 ± 0.003 
SITS, MN4, 50 µM cocaine 0.052 ± 0.002 
SITS, 50 µM cocaine 0.054 ± 0.004 
1Samples in 20 mM Tris (pH 7.4), 140 mM NaCl at 15 °C. Error is the standard deviation in 10-
15 replicates. 

 

5.5 Discussion 

5.5.1 Stability and structure of SITS-modified aptamers 

We used a variety of biophysical methods to gauge what the effects of adding the SITS group to 

the 5′-end of the aptamer are to the thermal stability, the structure, and the binding affinity of the 

cocaine-binding aptamer. Our thermal melt results demonstrate that the attachment of SITS to the 

MN19 aptamer results in the cocaine•MN19-SITS complex increasing its melt temperature to 

(33.0 ± 0.6) °C (Figure 5.2). This is 6.4 °C higher than the Tm for the unconjugated MN19-cocaine 

complex [15]. There is no evidence in the thermal melt data that the unbound MN19-SITS is folded 

as its absorbance versus temperature graph behaves in a similar manner as we previously showed 

for the unmodified MN19 molecule (Figure 5.2) [169,176,177,179]. 
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These data indicate that the addition of SITS stabilizes the bound MN19-SITS aptamer, 

possibly through hydrogen bonding and/or stacking interactions with the terminal base pair. In a 

previous molecular dynamics study of the malachite green-binding aptamer-SITS conjugate, the 

SITS group did, in fact, show evidence of hydrogen bond formation to the 5′ guanine 

nucleotide [190]. 

 

Similar stabilizations of nucleic acid structures have been seen previously with both 

dangling nucleotides [72,200], and with the addition of 5′ modifiers such as the Cy3 or Cy5 

dye [201]. This stabilization of the cocaine-bound MN19-SITS by the addition of the SITS may 

Table 5.3 Detection threshold and concentration limit of detection for the Photochrome 
Aptamer Switch Assay applied to the cocaine-binding aptamer1. 

 Sample Detection threshold (μM) 

Aptamer sensor signal 

MN4-SITS (Tris buffer) 0.022 ± 0.002 

MN4-SITS (complex matrix) 0.030 ± 0.002 

MN19-SITS (Tris buffer) 0.024 ± 0.002 

MN19-SITS (complex matrix) 0.034 ± 0.003 

 Sample CLoD (μM) 

Cocaine detection 

MN4-SITS (Tris buffer) 26 ± 2 

MN4-SITS (complex matrix) 30 ± 3 

MN19-SITS (Tris buffer) 8.6 ± 0.8 

MN19-SITS (complex matrix) 10 ± 1 
1Data acquired at 15 °C. Error is the standard deviation in 3-6 trials. 
 Method validation is described in Section 5.3.5. 
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prove useful in PHASA sensing applications, where there is only marginal stability of the folded 

ligand-bound aptamer is present, if stabilization is shown to be a general property of SITS addition. 

 

The NMR data of the MN19-SITS conjugate, obtained by another lab member, show that 

the unbound MN19-SITS is unfolded, or loosely folded, in a manner we have previously shown 

for unconjugated MN19 and then folds or becomes much less dynamic with cocaine 

binding [64,177,179]. We were able to use fluorescence anisotropy methods using the SITS moiety 

to measure the affinity of the MN19-SITS aptamer for cocaine at 15 °C. The affinity measured 

here, (22 ± 3) μM (Figure 5.3) matches, within the error range, the value of (21.1 ± 0.6) μM 

Table 5.4 Data obtained from spike-recovery method for accuracy validation 

Standard [cocaine] (µM) Mean recovered [cocaine] (µM) %RSD %RSDR %Recovery 

Simple matrix1 

1.59 1.82 2.46 1.83 51.6 

5.52 6.62 3.11 1.50 101.8 

9.00 9.72 4.50 1.42 96.9 

15.4 16.8 1.52 1.31 102.4 

57.5 57.3 2.11 1.09 98.0 

Complex matrix2 

3.00 3.52 5.80 1.65 87.3 

6.89 7.14 4.15 1.49 90.5 

11.9 12.3 5.22 1.37 95.7 

22.6 22.7 4.34 1.25 96.3 

55.0 54.9 4.85 1.09 98.2 
1Samples in 20 mM Tris (pH 7.4), 140 mM NaCl. 
2Complex matrix as described in Section 5.3. Data acquired for both simple and complex 
matrices at 15 °C. %RSD is the relative standard deviation in 10 replicates. 
Method validation is described in Section 5.3.5. 
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reported previously using the fluorescence quenching of the ligand at the same temperature and in 

the same buffer conditions [104]. This Kd value is also within the range of the values reported 

using isothermal titration calorimetry (ITC) methods though measured at different temperatures. 

These ITC-derived values are (17 ± 3) μM at 10 °C and (26.7 ± 0.7) μM at 20 °C [58,118]. These 

data show that the addition of the SITS to MN19 has no measurable effect on the binding affinity 

of the aptamer for cocaine. 

  

5.5.2 The PHASA method is most sensitive using a structure switching aptamer 

We used both a structure-switching (MN19) and a non-structure switching (MN4) version of the 

cocaine-binding aptamer to show that the photochrome aptamer switch assay is most sensitive 

when used with the structure-switching aptamer. The change in fluorescence intensity is greatest 

(Figures 5.4, 5.5), and the CLoD for cocaine binding is lower (Figure 5.6) when the MN19 aptamer 

is used compared to when the MN4 aptamer is used. This better performance of the structure 

switching aptamer in the PHASA is consistent with our hypothesis that aptamers with a greater 

amount of structural change will better perform in this assay. A corollary of this finding would be 

that a greater change in fluorescence intensity in the PHASA can be used to identify, between 

related aptamers, which one undergoes more structural change with ligand binding. Despite MN4 

not performing as well as MN19, the PHASA did work with the MN4 aptamer (Figures 5.4, 5.5). 

 

The MN4 aptamer is thought to have little to no structural change occurring with cocaine 

binding [64]. However, the binding site at the three-way junction is thought to tighten or rigidify 

with cocaine binding based on the changes in the NMR-measured imino proton exchange 

rates  [179]. This implies that the PHASA may work, albeit with reduced sensitivity, with non-
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structure switching aptamers (MN4). This would significantly increase the usefulness of PHASA 

in biosensing. The obtained CLoD for cocaine binding that I determined in this study (Table 5.3) 

using the MN19-SITS conjugate is within the range of values previously published (0.9–10 μM) 

that also use the short stem 1 structure-switching cocaine-binding aptamer [65,192]. This includes 

other optical-based cocaine-binding aptamer-based sensors applications [63,152]. The higher CLoD 

values we observe in a complex matrix versus the simple buffer condition is likely due to 

differences in the sample matrix. It is worth noting that there is a trade-off of sensitivity in the 

PHASA in comparison with other aptamer detection methods in return for a quick assay, and it 

may be useful in applications such as in-line sensors in wastewater. 

 

5.5.3 Optimizing the limit of detection 

The limit of detection in this assay may be improved through optimization of the aptamer/ligand 

interaction through modeling, by exploiting the reversible photoisomerization (cis → trans) of 

stilbene, or through exploring other fluorescent switches, such as azobenzene, to sense kinetics 

decays in nano- or picosecond scales [103,190,202]. Also, employing laser-induced fluorescence 

techniques can report sudden alteration in SITS photoisomerization. In these methods, the 

conjugated SITS is excited to a higher energy level by the absorption of laser light and fluorescence 

decay is spontaneously monitored [203]. 
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5.6 Conclusion 

The hypothesis of this project was that when the PHASA is used with the cocaine-binding aptamer, 

the short stem 1 version of the cocaine-binding aptamer (MN19) would display a larger change in 

fluorescence decay and would show signals of subtle changes with cocaine binding than the long 

stem 1 version of the aptamer. Discussed results in combination with the statistical analysis and 

method validation performed in this chapter approve this hypothesis. We note that the cocaine-

binding aptamer, with its stem 1 length-dependent binding mechanism, is an excellent example of 

an aptamer, where PHASA method can be tested. The next chapter presents two examples 

demonstrating MN19-SITS utilization proved beneficial.  
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Chapter 6: Two applications of the photochrome aptamer switch assay 
 

6.1 Preface  

Presented work in this chapter has been published in the articles listed below [204,205]: 

• Shoara, A. A., Churcher, Z. R., Slavkovic, S., and Johnson, P.E. (2021) Weak binding of 
levamisole by the cocaine-binding aptamer does not interfere with an aptamer-based detection 
assay. ACS Omega. 6 (37) 24209-24217. 

 
• Slavkovic, S., Shoara, A.A., Churcher, Z.R., Daems, E., Wael, K., Sobott, F., and Johnson, 

P.E. (2022) DNA binding by the antimalarial compound artemisinin. Sci. Reports. 12, 133. 
 
 
6.2 Introduction 

6.2.1 Application of aptamer-based cocaine detection in presence of levamisole 

Levamisole is a pharmaceutical compound used to treat parasitic worm infections in humans and 

animals (Figure 6.1). As discussed in Chapter 1, levamisole is a commonly used adulterant of 

cocaine that causes serious debilitating inflammatory complications and skin necrosis [206–208]. 

The presence of levamisole in illicit cocaine samples also has the effect of interfering with 

electrochemical-based detection methods for cocaine by giving false negative readings when 

above a 1:1 molar ratio [209]. At present, it is unknown whether levamisole can interfere with 

aptamer-based assays for cocaine. 

 

6.2.2 Application of PHASA for artemisinin-aptamer binding analysis 

Artemisinin (ART) is derived from the plant Artemisia annua, and it is a vital medicinal compound 

that is used alone or as part of a combination therapy against malaria (Figure 6.1). ART is thought 

to function by attaching to heme covalently and alkylating a range of proteins [210]. Using a 
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combination of biophysical methods, we demonstrated that ART is bound by three-way junction 

and duplex containing DNA molecules. 

 

Binding of ART by DNA was first shown for the cocaine-binding DNA aptamer and 

extensively studied using this DNA molecule. Binding analyses demonstrated in this study coupled 

with mass spectrometry, NMR and ITC studies show that ART binds at the three-way junction of 

the cocaine-binding aptamer, and that binding results in the folding of the structure-switching 

variant of the cocaine-binding aptamer (Figure 6.1, MN19) [70,177,179]. This structure-switching 

ability was exploited using the photochrome aptamer switch assay to demonstrate that ART can 

 
Figure 6.1 Structures of the cocaine-binding aptamers MN4 and MN19 as well as the compounds 
levamisole, cocaine, and artemisinin (ART). Nucleotides in both constructs are numbered in the 
same manner as in MN4. Dashes between nucleotides indicate Watson-Crick base pairs while dots 
indicate non-canonical base pairs. 
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be detected using this biosensing assay [102,189]. This study was the first to demonstrate the DNA 

binding ability of ART and furnished the foundation for further work to study implications of DNA 

binding for the antimalarial activity of ART. 

 

In this chapter, I aim to demonstrate two independent applications of aptamer-based 

techniques that were discussed in Chapter 4 and Chapter 5: (i) to determine if levamisole binds the 

cocaine-binding aptamer and therefore potentially interfere with an aptamer-based assay for 

cocaine detection, and (ii) to study if artemisinin binds the cocaine-binding aptamer [102,189]. I 

use thermal melt techniques and the photochrome aptamer switch assay (PHASA) to show that at 

micromolar concentrations of aptamer, levamisole does not bind the cocaine-binding aptamer. 

Next, I use the same stated methods to show artemisinin binds the cocaine-binding aptamer. 

 

6.3 Materials and Methods 

The cocaine-binding aptamer construct (Figure 6.1, MN19) was obtained from Integrated DNA 

Technologies (IDT, Coralville, Iowa) and used without further purification. DNA samples were 

prepared in the same manner as explained in Chapter 2. The covalent conjugation of MN19 to 

trans-SITS was performed through the amine isothiocyanate reaction as discussed in Section 5.3 

[102,189].  

 

6.3.1 UV melts for levamisole studies 

UV thermal melt experiments of MN19-SITS in presence and absence of levamisole were 

performed using a Cary 100 spectrophotometer in the same manner as explained in Section 4.3. 

The DNA melting curves were acquired in a temperature range from 10 °C to 80 °C. Experiments 
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were performed in triplicate in a complex mixture described previously containing 20 mM Tris 

buffer, pH 7.4, 140 mM NaCl, and 1.1 mM levamisole [189]. For each levamisole-aptamer 

mixture, a concentration of 0.97 μM the MN19-SITS was chosen to yield ∼0.8 a.u. at 260 nm. The 

levamisole concentration was kept at ∼1000-fold of the conjugated aptamer concentration. To 

quantify the thermal shift points (Tm), the first derivative of each thermal curve was plotted as a 

function of temperature. 

 

6.3.2 UV-monitored thermal denaturation for artemisinin studies  

UV melt experiments of the unbound and ART-bound MN19 aptamer, were performed using a 

Cary 100 UV–Vis spectrometer and 10-mm fused quartz cuvettes. Each experiment was performed 

in three trials in PBS buffer (10 mM sodium phosphate buffer, pH 7.4, 2.7 mM KCl, 137 mM 

NaCl). 3% v/v acetonitrile (ACN) added to the buffer instead of DMSO to avoid errors caused by 

the freezing point of DMSO at ~ 19 °C. All solutions were filter-sterilized using a 0.2 μm 

microfilter. The rate of temperature was increased at 1 °C·min-1 and controlled by a Cary Peltier 

unit. Two data points were acquired per minute in a temperature range from 15 °C to 75 °C. Data 

were analyzed in a range of 15 °C to 65 °C to eliminate background signals associated with the 

boiling temperature of acetonitrile. For each trial, (1.7 ± 0.1) µM MN19 was chosen to 

yield ~ 0.5 a.u. at 260 nm using the extinction coefficients of the aptamer. The ligand to aptamer 

molar ratio was kept constant at 95% ligand-bound using Eq. 2.1. Quinine was used as the positive 

control ligand, and ART in PBS plus 3% ACN was used as the blank for MN19•ART experiments. 

For the unbound MN19 experiments, PBS plus 3% ACN was used as the blank. To quantify the 

thermal denaturation points (Tm), the obtained data from blanks were subtracted from their 
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corresponding experimental values, and the first-order derivative of each thermal curve was plotted 

as a function of temperature using OriginPro software as described previously [132,176]. 

 

6.3.3 Fluorescence anisotropy for levamisole studies 

I utilized the structure-switching binding mechanism of MN19-SITS in a fluorescence anisotropy 

assay of MN19-SITS as a function of cocaine concentration in the previously described complex 

mixture at 15 °C. The fluorescence anisotropy of SITS is governed by the ratio of the polarized 

light, and it is independent of the absolute emission intensity magnitudes [195]. Using a pair of 

manual Cary Eclipse light polarizers, the instrument grating factor (G) was measured according to 

Eq. 5.2 at emission intensity of SITS from 350 to 600 nm and the horizontal excitation at 340 nm. 

Also, the integrated horizontal emission intensity of SITS measured from 350 nm to 600 nm to 

include the maximum emission peak at 422 nm at the horizontal excitation at 340 nm. 

 

The polarized emissions were obtained as a function of cocaine concentration, and the 

fluorescence anisotropy (r) values calculated as stated in Eq. 5.3. The results from five trials were 

averaged and plotted as a function of cocaine concentration. To quantify the Kd values and compare 

the affinities obtained by this method with previously published data, the binding curves were 

fitted to a one-site binding function (Eq. 2.5) and analyzed using OriginPro as described in 

Chapter 2 [104,132]. 

 

6.3.4 PHASA method for levamisole studies 

The fluorescence decay kinetics of MN19-SITS in the absence and presence of levamisole were 

examined in 20 mM Tris buffer (pH 7.4) and 140 mM NaCl at 15 °C using a Cary Eclipse 



 

 

102 

fluorescence spectrophotometer and 10 mm fused quartz cuvettes. Then, the fluorescence decay 

kinetics of MN19-SITS analyzed titrations of cocaine solutions in a complex matrix at 15 °C as 

described in Chapter 5. 

 

The complex matrix conditions included 20 mM Tris buffer (pH 7.4), 140 mM NaCl, and 

50 μM each of ATP, atropine sulfate, benzoic acid, choline, creatine phosphate, CTP, dapsone, 

glycine, GTP, isopropyl β-d-1-thiogalactopyranoside (IPTG), l-ascorbic acid, l-glutamic acid, 

triethylamine, and UTP as well as 5.5 mM d-glucose, 140 mM glycerol, and 150 μM levamisole. 

The temperature was kept constant during each trial using a Cary Peltier controller. The 

spectrofluorometer was optimized for the limit of detection to maintain a constant signal-to-noise 

ratio, photomultiplier tube voltage, and spectral bandwidth parameters. Maximum UV-Vis 

absorbance and steady-state fluorescence emission wavelengths of levamisole were tested in 

20 mM Tris buffer (pH 7.4) and 140 mM NaCl at 15 °C for the inner-filter effect measurements. 

Since the studied DNA aptamer, cocaine, or levamisole had no light absorbance at (340 ± 10) nm, 

the inner-filter effects for the loss of the excitation and emission light intensities were not 

calculated [211]. Method validation steps was performed as described in Section 5.3.5 [122,123]. 

 

6.3.5 PHASA method for artemisinin studies 

The fluorescence decay kinetics of 0.1 µM MN19-SITS were analyzed in 20 mM Tris buffer 

(pH 7.4), 140 mM NaCl, 3% v/v DMSO at 20 °C as a function of artemisinin concentration (zero 

to 4.2 µM ART) as described in Section 5.3. Since MN19 and ART had no light absorbance at 

(340 ± 10) nm, the inner-filter effect for the loss of the excitation light intensity was not considered. 

An unbound ART solution in the binding buffer was used as the blank. The experimental and blank 
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samples were excited at 340 nm and emitted light intensities at 422 nm were simultaneously 

detected as a function of time in milliseconds. The obtained fluorescence decay kinetics were 

normalized as F/Fo and fitted to the first-order decay. The quantified average kapp values for each 

titration point were normalized and analyzed against ART concentration. 

 

The concentration limit of detection (CLoD) of ART was quantified from the residual 

standard deviation of the regression data obtained from the linear region of the dose-response curve 

in a manner as described in Section 5.3. Additionally, the ratio of kapp in the presence of ART to 

kapp of unbound MN19-SITS were analyzed as a function of ART concentration and fitted to a 

linear plot. The obtained linear slope was used to compare with previously published values, 

discussed in Chapter 5, for ligand-induced folding of the MN19 aptamer binding cocaine [189]. 

 

6.4 Results and Discussion 

6.4.1 Levamisole studies 

To study whether levamisole affects the thermal stability of MN19-SITS, and therefore interfere 

with the PHASA assay, UV-monitored thermal melt experiments on MN19-SITS in the presence 

and absence of levamisole were performed. Experiments were run with MN19-SITS at 0.97 μM. 

I did not observe any significant difference between the thermal melts of MN19-SITS with or 

without 1 mM levamisole added (Figure 6.2). The first derivative analyses of these melting plots, 

while the aptamer is unbound to cocaine, did not show a transition expected for a folded nucleic 

acid molecule. This indicates that levamisole does not bind and stabilize MN19-SITS in the 

manner that the binding of cocaine or quinine does [176,177]. 
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I used fluorescence anisotropy to measure the binding affinity of the MN19-SITS aptamer 

to cocaine in the presence of levamisole. Fluorescence anisotropy correlates to the rotational 

diffusion of MN19-SITS undergoing Brownian motion of the macromolecule for which the 

anisotropy is measured. By quantifying the observed polarized fluorescence emitted from SITS 

upon addition of cocaine, I was able to determine the affinity of MN19-SITS for cocaine is 

(19.8 ± 0.9) μM at 15 °C in a complex matrix containing levamisole (Figure 6.3). The obtained 

affinity values agree with published Kd values using ITC and intrinsic fluorometry 

methods [58,104]. To validate our method, I measured the concentration limit of detection (CLoD) 

of cocaine (10 ± 1) μM at 15 °C. The obtained CLoD agrees with our published data [189]. 

 
 
Figure 6.2 Analysis of the thermal stability of MN19 using UV melting curves. Displayed is the 
normalized UV absorbance at 260 nm for the MN19-SITS without levamisole (red) and MN19-
SITS with 1.1 mM levamisole (blue). Each data point denotes an average of three experiments 
with the error bars corresponding to one standard deviation. Shown below each absorption plot 
are the first derivative analyses. Data acquired with 0.97 μM MN19-SITS in 20 mM Tris (pH 7.4), 
140 mM NaCl. 
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Figure 6.3 Fluorescence anisotropy assay for cocaine detection. Shown is the measured 
fluorescence anisotropy of MN19-SITS as a function of cocaine concentration in a complex matrix 
containing 150 μM levamisole, 20 mM Tris (pH 7.4), and 140 mM NaCl at 15 °C. The solution is 
excited at 340 nm and fluorescence anisotropy of MN19-SITS is detected in an emission range of 
350-600 nm. Nonlinear regression analysis was used to quantify the apparent Kd of cocaine. The 
inset displays the linear portion of the plot that is used to calculate the concentration limit of 
detection (CLoD) of cocaine. Error bars are the experimental standard deviation of five trials. 
 
 

I measured the fluorescence kinetics of 0.50 μM MN19-SITS in 20 mM Tris buffer 

(pH 7.4), 140 mM NaCl at 15 °C, constant excitation of 340 nm, and an emission of 422 nm to 

detect the effect of levamisole concentration on the photoisomerization of trans-stilbene. I did not 

detect any significant alterations in the kapp of MN19-SITS versus levamisole (Figure 6.4). Further 

analyses of 0.50 μM MN19-SITS as a function of cocaine concentration in a complex matrix that 

also contains levamisole showed that the apparent rate for the fluorescence kinetics decay (kapp) 

decreases as the cocaine concentration increases. The linear slope of measured kapp constants of 

MN19-SITS as a function of cocaine concentration in a complex matrix including levamisole 

agrees with that in the same complex matrix without levamisole. 
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Figure 6.4 Photochrome aptamer switch assay (PHASA) applied to detect cocaine in a mixture 
containing levamisole. (A) shows the fluorescence decay kinetics curves of MN19-SITS titration 
with cocaine in a complex matrix containing 150 μM levamisole, 20 mM Tris (pH 7.4), and 
140 mM NaCl at 15 °C. The gray curve represents the negative control (150 μM levamisole in 
complex matrix without cocaine). (B) displays normalized linear plots of observed kapp values as 
a function of the ligand to MN19-SITS molar ratio. The aptamer-SITS conjugate is continuously 
excited at 340 nm, and emissions at 422 nm are simultaneously detected as a function of time in 
milliseconds. Red triangles represent cocaine titration in MN19-SITS in a complex matrix 
containing levamisole; blue squares denote cocaine titration in MN19-SITS and Tris buffer; and 
black circles signify levamisole titration in MN19-SITS and complex matrix. 
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For a negative control experiment, unconjugated stilbene fluorescence was examined to 

evaluate non-specific interactions of levamisole in both Tris buffer and the complex matrix 

(Figure 6.5). None of the examined conditions exhibited any significant differences in the presence 

or absence of levamisole. 

 

6.4.2 Artemisinin studies 

The binding of ART by MN19 and stabilization of MN19 cocaine-binding aptamer was 

demonstrated by measuring the thermal stability of the unbound MN19 as well as the ART-bound 

and quinine-bound MN19 aptamers (Figure 6.6). The DNA UV absorbance at 260 nm of unbound 

MN19 aptamer does not show a shift observed previously [190], and as expected for a loosely 

 
Figure 6.5 SITS sensing threshold for the Photochrome Aptamer Switch Assay applied to the 
cocaine-binding aptamer. Shown is the calibration plot for the measured fluorescence intensity of 
unconjugated SITS (black line) and equimolar mixture of unconjugated SITS and MN19 (red line) 
in 20 mM Tris buffer, pH 7.4, 140 mM NaCl, and unconjugated SITS (blue line) and equimolar 
mixture of unconjugated SITS and MN19 (purple line) in a complex matrix containing 150 µM 
levamisole, 20 mM Tris buffer, pH 7.4, 140 mM NaCl. Triplicated samples were examined at 
15 °C. Error bars denote one standard deviation. 
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folded or unfolded nucleic acid molecule. For free MN19, the UV absorption increases linearly 

with temperature (Figure 6.6). 

 

The MN19•ART shows a sigmoidal transition from folded to unfolded molecule with a 

thermal denaturation point at (34.8 ± 1.1) °C. The MN19·quinine complex was tested as the 

positive control, where it shows a sigmoidal transition with a thermal denaturation at 

(36.4 ± 1.2) °C. This unfolding temperature of MN19•quinine is consistent with our prior 

measurements [70,190]. These data confirm ART binding by the MN19 cocaine-binding aptamer 

and confirm the ART complex is slightly less thermally stable than with quinine as suggested by 

the NMR-monitored melt. 

 
 
Figure 6.6 Analysis of the thermal stability of MN19 free and ligand-bound using UV melting 
plots. Shown in (A) are the normalized average of UV absorbance values at 260 nm versus 
temperature for the unbound MN19 (black), ART-bound MN19 (blue), and quinine-bound MN19 
(red) as a positive control. Displayed in (B) are the first derivative plots. Dashed lines indicate the 
obtained Tm points of the aptamer. Data acquired in PBS (pH 7.4), 3% (v/v) acetonitrile. Each data 
point denotes an average of three experiments with the error ribbons corresponding to one standard 
deviation. 
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As the UV-monitored melt and NMR (not shown here) data indicate the folding of MN19 

with ART binding, I applied the photochrome aptamer switch assay (PHASA) [195] for MN19-

SITS both free and ART-bound in PBS plus 3% (v/v) DMSO at 20 °C and constant instrumental 

settings (λex = 340 nm and λem = 422 nm). I measured the fluorescence decay of MN19-SITS to 

detect the kinetics rate due to internal conversion of trans- to cis-stilbene. First-order decay 

analysis was used to determine the apparent kinetics rates (kapp) (Figure 6.7A). Using the 

calibration plot for the normalized average kapp values of MN19-SITS against ART concentrations, 

I obtained the concentration limit of detection (CLoD) as (0.22 ± 0.02) µM (Figure 6.7B). The ratio 

of average kapp, in the presence of ART, to average kapp of unbound MN19-SITS were analyzed as 

a function of ART concentration (Figure 6.8). The observed linear trend shows that the apparent 

rate for MN19-SITS decreases as the ART concentration increases. This observation is consistent 

with the presence of ART inducing the folding of MN19-SITS at 20 °C. Moreover, I obtained a 

linear slope of (-0.16 ± 0.01) µM-1 (Figure 6.8). The quantified slope agrees with previously 

published data for MN19-SITS bound to cocaine [195]. 
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Figure 6.7 Detection of ART using the photochrome aptamer switch assay. (A) displays 
fluorescence decay plots of 0.1 µM unbound MN19-SITS (black) and as a function of zero to 
4.2 µM ART concentration (light blue). The MN19-SITS is continuously excited at 340 nm and 
the emission intensities at 422 nm are simultaneously detected as a function of time. Each 
normalized decay plot is fitted to the first-order decay function (solid lines) to quantify the 
apparent trans–cis decay kinetics (Eq. 5.1; kapp). (B) shows a calibration plot for the normalized 
average kapp values of MN19-SITS against ART concentrations. The concentration limit of 
detection (CLoD) obtained is (0.22 ± 0.02) µM. Triplicated experiments were performed in 20 mM 
Tris (pH 7.4), 140 mM NaCl at 20 °C. The error bars correspond to one standard deviation. 
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Figure 6.8 Exhibits a calibration plot for the normalized average kapp values of MN19-SITS against 
artemisinin concentrations. The obtained linear slope = (-1.6 ± 0.13) ´ 10-1 µM-1 and R2 = 0.96. 
Triplicated experiments were performed in 20 mM Tris (pH 7.4), 140 mM NaCl at 20 °C. The 
error bars correspond to one standard deviation. 
 

 

6.5 Conclusion 

In this section, I aimed to show two independent applications of aptamer-based detection 

techniques. First, I investigated whether or not levamisole binds the cocaine-binding aptamers. 

Second, I examined DNA interactions of artemisinin (ART). I chose levamisole because its 

consumption is harmful to the user of an adulterated cocaine sample, and that levamisole can 

interfere with electrochemical detection methods. Also, I chose ART because it is an important 

antimalaria drug, and ART’s interaction with DNA molecules had not been investigated prior to 

this study. 
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6.5.1 Levamisole studies 

NMR studies of the cocaine-binding aptamer by other lab members showed weak binding of 

levamisole to both MN4 and MN19 resulting from changes in the imino 1H signals in the aptamer. 

The Kd values obtained from NMR studies, performed by another lab member, were 0.5 mM MN4 

and 1.7 mM MN19 at 5 °C in pH 6.8. ITC experiments performed by another lab member, 

provided no evidence of binding between MN4, MN19 and levamisole. UV thermal melts of 

MN19-SITS showed no evidence of a sigmoidal denaturation for 0.97 µM MN19-SITS (Figure 

6.2). Furthermore, PHASA analysis of cocaine and MN19-SITS in presence of levamisole showed 

no binding interference from levamisole as these two methods work at a much lower concentration 

(micromolar range) than in the NMR spectroscopy (millimolar scale). 

 

As many bioassays work in the micromolar concentration range, I do not expect this weak 

binding of levamisole by the cocaine-binding aptamer to interfere with aptamer-based assays. 

I demonstrated this non-interference by showing that the photochrome aptamer switch assay using 

SITS-conjugated to MN19 is not affected by the presence of levamisole. 

 

6.5.2 Artemisinin studies 

As for the second objective of this chapter, I showed that the antimalarial compound artemisinin 

(ART) binds DNA molecules that contain duplex DNA structures. I demonstrated binding with 

the cocaine-binding aptamer using a combination of UV melt and fluorometry methods. Results 

presented in this chapter coupled with ITC, NMR and mass spectrometry results obtained by other 

lab members supported thermal melt and fluorometry analyses [205]. Although the endoperoxide 

bridge is required for binding, indicating that ART binding might result in a covalently bound 
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ligand in a similar fashion as ART has been proposed to covalently bind heme, collision-induced 

dissociation mass spectrometry experiments did not indicate the presence of covalent binding. 

 

Despite ART not being specific for the cocaine binding aptamer, the binding of ART by 

MN19 still results in ligand induced-folding in this aptamer construct. This occurs as ART binds 

at the three-way junction and likely pulls together or stabilizes the stems in the molecule. This 

MN19 folding with ART binding can be exploited by the PHASA assay previously used to 

quantify cocaine binding and indicates other assays that rely on short stem 1 constructs of the 

cocaine-binding aptamer folding will likely also detect ART. The implication of ART binding 

these DNA molecules for the role of ART as an antimalarial agent is yet to be revealed and can be 

the focus of future work. Whatever role DNA binding by ART may have, depends on numerous 

factors such as availability and pharmacology of ART in different biological systems.  



 

 

114 

Chapter 7: Concluding remarks 
 

7.1 Summary 

This study aimed to understand the structure dynamics and ligand-binding mechanisms of 

aptamers utilizing the cocaine-binding aptamer as a model system. Fluorescence spectroscopy was 

predominantly used as the main technique reported in this dissertation. Other biophysical 

techniques such as X-ray crystallography, circular dichroism spectroscopy, chromatography, and 

differential scanning calorimetry were also practiced though unpublished results were not 

integrated in the present peer-reviewed work. 

 

To sum up, Chapter 1 furnished a comprehensive introduction about the origin and types 

of aptamers. Available methods of in vitro aptamer selection were reviewed and some of the 

aptamer applications, advantages, and nucleic acid motifs were concisely discussed. Furthermore, 

fundamentals of fluorescence spectroscopy techniques and the inherent fluorescence property of 

ligands were discussed. This chapter is particularly beneficial to researchers who practice outside 

the field of aptamers and fluorometry techniques. 

 

Chapter 2 presented a detection method for aptamer-ligand binding analyses that are based 

on the intrinsic fluorescence of the ligand. Common extrinsic fluorescence detection techniques 

with aptamers involve the addition of fluorophores to the aptamer while adding labels can alter the 

native structure of the aptamer molecule. This chapter comprises of a method protocol 

demonstrating techniques, obstacles, and optimization steps for aptamer investigations. Although 

available biophysical techniques such as NMR, ITC, and DSC are accurate methods, these 

methods are not sensitive in nanomolar and micromolar concentration scales, where fluorometry 
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techniques perform with high sensitivity and accuracy. Furthermore, NMR and ITC instruments 

equipped with multi-well readers are currently unavailable. However, fluorometers equipped with 

multi-well plates can obtain fluorescence emission data from a large number of samples (e.g., 24, 

96, or 384 wells) in a matter of seconds-minutes timescale. 

 

Practical applications of the intrinsic fluorometry methods for aptamer-ligand binding 

analyses were demonstrated in Chapter 3. The utilization of biophysical methods including 

inherent fluorescence of ligands such as quinine, cocaine, and merocyanine dye (FPhOBtz) was 

examined and ligand binding and structural dynamics of DNA aptamers were studied. These 

observations coupled with the identified Stokes shifts in the emission spectrum provided evidence 

of base stacking intercalations of employed ligands and the cocaine-binding aptamer. 

 

The demonstrated fluorescence spectroscopy method was original in the field of aptamers. 

A substantial advantage of presented fluorometry protocol is that this method is applicable to other 

types of fluorescence spectrophotometers such as BioTek Synergy multiplate readers. Therefore, 

using presented methods can further help optimize the discussed sequences, or new aptamers and 

binding conditions quickly and quantitatively in a comparable manner to how qPCR (quantitative 

polymerase chain reaction) is performed [212,213].  

 

Important applications of the first visible light-up probe (FPhOBtz) for the detection of the 

three-way junction structure in DNA include the identification of cancer biomarkers and 

investigations of cancer treatments. Studies have shown that some tumor and cancer cells including 
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HeLa and human breast MCF-7 cancer cells exhibit the three-way junction DNA motif 

structures [156,157]. 

 

The aptamer stem-length modification studies demonstrated in Chapter 4 offered sequence 

alteration of stems 1 and 2 of the cocaine-binding aptamer. These studies were new in the field of 

aptamers, where I presented multiple cocaine-binding aptamer variants that have both advantages: 

thermal stability and ligand-induced binding mechanism. In this chapter, a new method of 

differential fluorescence thermal shift assay was presented to examine the effect of sequence 

optimization on the thermal stability and ligand selectivity of the cocaine-binding aptamer. 

 

The presented fluorescence thermal shift assay is original and innovative in the field of 

aptamers. The importance of this technique in the aptamer stem-length studies is that the 

propagated signal upon ligand binding detection is a result of aptamer folding. Moreover, the 

applications of presented ligand-induced binding mechanism have been exploited by other 

researchers in forensic investigations [214], methamphetamine aptamer tests [215], nanoparticle 

surface chemistry analyses [216], and electrochemical aptamer-based studies [217,218]. 

 

The exploitation of ligand-induced binding mechanism in the cocaine-binding aptamer was 

further deliberated in Chapter 5. I demonstrated the photoisomerization kinetics measurements of 

stilbene in the development of the Photochrome Aptamer Switch Assay (PHASA). I also showed 

the optimized method of aptamer-stilbene conjugation as well as method validation techniques. 

Furthermore, I investigated two original applications of PHASA method in the detection of 
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artemisinin, an effective antimalaria drug, and levamisole, a hazardous additive in illicit cocaine 

samples in Chapter 6. 

 

The benefit of levamisole detection with PHASA method is significant because the 

consumption of levamisole is unsafe to the user of an adulterated cocaine sample. Also, levamisole 

can interfere with electrochemical detection methods. The benefit of artemisinin detection with 

PHASA method is essential since artemisinin is an important antimalaria drug, and the interaction 

of artemisinin with DNA molecules remained at speculation levels with no evidence of 

artemisinin-DNA interaction in the scientific community. Artemisinin detection with PHASA 

method, coupled with other biophysical techniques, proved a pharmacological mechanism of 

action for artemisinin-DNA interactions that has not been discovered prior to our studies. 

 

7.2 Future Work 

In addition to the demonstrated published work in this dissertation, I have conducted several other 

projects including the study of crystal structure of the chimeric cocaine-binding aptamer using X-

ray diffraction methods, structural analyses and optimization of nanostructures such as aptachain 

and aptamesh [158], thermodynamic analyses of the cocaine-binding aptamer using differential 

scanning calorimetry [169] and pressure perturbation calorimetry techniques, structural analyses 

of ochratoxin A aptamer, the ligand displacement competitive binding assay, binding analyses of 

merocyanine probes with the cocaine-binding aptamer, binding analyses of thrombin protein with 

salvianolic acid drugs and the structural analyses of human apolipoprotein-A [219]. 
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Some of these collaborative projects are nearing completion and some are in progress. One 

can utilize the functional knowledge and expertise gained through these research studies and 

improve discussed projects, namely the structural elucidation of the cocaine-binding aptamer and 

the structural analyses of human apolipoprotein-A for future projects. 

 

For prospect research opportunities, the intrinsic fluorometry methods that were developed 

through this study can be applied to other intrinsically fluorescent ligands such as dopamine, 

serotonin, caffeine, or codeine aptamers [60,77,220]. Dopamine is a catecholamine and has 

fluorescence properties similar to that of in tyrosine and phenylalanine amino acids. Also, 

serotonin is a derivative of phenylamine, which has fluorescence properties similar to that of in 

tryptophan amino acid. 

 

One can exploit these fluorescence properties and optimize previously selected aptamer 

sequences or characterize aptamer-ligand binding properties using the fluorometry method 

protocol that was discussed in Chapter 2. In addition, the chemical structures of salvianolic acid 

drugs contain catecholamine groups that can perform as ligands against the dopamine aptamer. 

One can use the biophysical methods discussed in this work and further investigate the 

promiscuous binding mechanism of the dopamine aptamer. 

 

The photochrome aptamer switch assay (PHASA) method that was presented in Chapter 5 

and Chapter 6 can be exploited in other aptamer constructs like ochratoxin A aptamer for future 

studies of ochratoxin A biosensors. The PHASA method is particularly beneficial for aptamer 

targets that lack fluorescence properties such as ions (e.g., potassium ion aptamer), sugars 
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(e.g., glucose aptamer), or when analytical conditions are not in favour of the intrinsic fluorescence 

of the ligand. For instance, in extreme acidic, basic, or high ionic strength conditions (e.g., uric 

acid aptamer) [77,221,222]. 

 

One limitation of presented fluorescence techniques is the sensitivity of the instrument. As 

discussed in Chapter 1, sensitivity of a fluorometer is determined by its accuracy of fluorescence 

lifetime (τ) measurement. Available fluorometers can measure τ in milliseconds to microseconds. 

One can use a highly sensitive instrument that is capable of measuring time-resolved fluorescence 

in nanoseconds, or shorter, to gain insight about the intrinsic fluorescence quenching or 

enhancement events upon aptamer-ligand binding mechanisms with further enhanced details. 

 

 The effort of new generations of artificial intelligence, bioinformatics, and structural 

predication algorithms like AlphaFold and DeepRNAFold programs coupled with experimental 

data is foreseen to impact the field of structural biochemistry [223,224]. These structural prediction 

programs can be exploited to push our experimental knowledge of aptamer X-ray crystal structure 

condition optimizations to its frontiers. One can utilize these computational predication tools to 

study the effect of ligands on the special motif structures of aptamers. 

 

As a final remark, the experimental research study that I demonstrated in this dissertation 

through utilization of the cocaine-binding aptamer as a model system combined with my 

collaborative work with other research groups provided valuable insight into the function and 

structure of the aptamers. It is my hope that this study will further motivate enthusiastic scientists 

for prospect discovery-driven investigations of structural elucidation of aptamers. 
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