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1.1 Abstract 

 

Derived by an iterative in vitro selection process termed Systematic Evolution of 

Ligands by EXponential enrichment (SELEX), aptamers are short single-stranded 

oligonucleotides that bind to their cognate targets with high affinity and selectivity. 

Generally, aptamers have been widely used in biological and pre-clinical medical 

applications. A comprehensive analysis of aptamer selection data maintained in the 

Aptamer Database identified factors that should be carefully considered upon the design 

of selection experiments to optimize success. These findings should be applied to 

selections for nervous system related targets to improve the quality of selected aptamers. 

Specifically, the nervous system presents an especially interesting field of investigation. 

For example the aptamer target thrombin is a protein involved in the coagulation cascade 

and has important relevancy for stroke. The development of an aptamer-based pH-driven 

DNA nanomachine (pHAST) for the specific catch-and-release of thrombin is described. 

This work is an important example of how existing aptamers could be incorporated into a 

nanodevice to add specific functionality for applications within the nervous system. 

Dopamine is a small molecule neurotransmitter implicated in mental illness and 

neurodegenerative disease. The ability of dopamine-binding aptamers to attenuate 

perseveration and locomotor behaviour associated with dopamine over-activity was 

shown in live rodents. Finally, an aptamer-gold nanoparticle based sensor was developed 

based on a dopamine binding aptamer, DopaA20min, identified from a novel selection. 
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Figure 3.10: The CD spectra of pHAST (2.5 µM) at pHs varying from 8.0-4.5. The significant structural 
change between pH values 5.5 and 5.0 is denoted by solid and dashed lines before and after the structural 
transition respectively. The average of 5 scans of a single sample was used to produce each of the spectra 
shown. Depending on the pH, the pHAST was prepared in one of three different buffers adjusted to the 
appropriate pH value. The buffers were as follows; 10mM Tris-HCl, 0.5mM KCl, pH 8.0; 10mM Tris-
HCl, 0.5mM KCl, pH 7.5; 10mM Tris-HCl, 0.5mM KCl, pH 7.0; 10mM sodium phosphate, 0.5mM KCl, 
pH 6.5; 10mM sodium phosphate, 0.5mM KCl, pH 6.0; 10mM sodium acetate, 0.5mM KCl, pH 5.5; 
10mM sodium acetate, 0.5mM KCl, pH 5.0; 10mM sodium acetate, 0.5mM KCl, pH 4.5. Reprinted with 
permission from McConnell, EM., Bolzon, R., Mezin, P., Frahm, G., Johnston, M and DeRosa, MC. 
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solution pH was changed from neutral to acidic, Cy3/Cy5-pHAST underwent a conformational change 
from the G-quadruplex conformation to the A+(anti)•G(syn) base pair stabilized hairpin. FRET, which 
most efficiently occurred when the Cy3/Cy5-pHAST was in the hairpin conformation, was used to 
monitor the conformation of Cy3/Cy5-pHAST. The fluorescence intensity values of each of the cyanine 
dyes were not corrected for the pH effect on their respective quantum yields. Reprinted with permission 
from McConnell, EM., Bolzon, R., Mezin, P., Frahm, G., Johnston, M and DeRosa, MC. pHAST (pH-
Driven Aptamer Switch for Thrombin) Catch-and-Release of Target Protein. 2016, 27: 1493-1499. 
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Figure 3.12: The effect of pH cycling on the conformation of the Cy3/Cy5-pHAST was monitored over 
10 switches in each buffer condition. Each buffer contained 140 mM NaCl and either 0.0 mM KCl, 0.5 
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values of each of the cyanine dyes were not corrected for the pH effect on their respective quantum 
yields. Reprinted with permission from McConnell, EM., Bolzon, R., Mezin, P., Frahm, G., Johnston, M 
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Figure 3.13: Reversible conformational change was shown by extended pH cycling of the Cy3/Cy5- 
pHAST in neutral and acidic pH. The ratio of fluorescence emission intensity (cps) of the Cy3/Cy5 peaks 
was measured over 69 alternating pH conditions. A cycle consisted of a neutral and acidic pH condition. 
Cycles 1-6 and 27-35 are shown, cycles 7-26 are represented by a break in the x-axis. When the Cy3/Cy5 
ratio was high (pH 7), the pHAST was in the G-quadruplex conformation. When the Cy3/Cy5 ratio was 
low (pH 5), the pHAST was in the hairpin conformation. The fluorescence intensity values of each of the 
cyanine dyes were not corrected for the pH effect on their respective quantum yields. Reprinted with 
permission from McConnell, EM., Bolzon, R., Mezin, P., Frahm, G., Johnston, M and DeRosa, MC. 
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Figure 3.14: Continuous pH cycling over multiple switches led to a sequential decrease in fluorescence 
emission intensity. This trend is illustrated for all pH 7 (red) and pH 5 (blue) conditions. Traces are 
named based on the “pH_cycle number”. Buffer: 1 mM phosphate buffer with 140 mM NaCl and 0.5 mM 
KCl. ........................................................................................................................................................... 161 
 
Figure 3.15: A) pH switching ability is maintained at each buffer condition, following desalting. Samples 
(from trial 1) from each buffer condition were desalted post pH cycling then subjected to an additional 5 
switches. Note: the inconsistency observed for the second pH=7 value was likely caused by an inaccurate 
pH measurement. B) Representative profiles from the sample tested in trial 1 of Figure 3.12. (1 mM 
phosphate buffer, 140 mM NaCl and 5 mM KCl) before and after desalting are shown. Switches 1-7 and 
1-5 respectively are depicted. The fluorescence intensity values of each of the cyanine dyes were not 
corrected for the pH effect on their respective quantum yields. ............................................................... 163 
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bands in lane 7-11. Lanes: 1. Cy3-pHAST with 0.0 µM thrombin at pH 7. Lanes 3-11 contained 1.0 µM 
Cy3-pHAST incubated with 2.5 µM thrombin at pH 8.0, 7.5, 7.0, 6.5, 6.0, 5.5, 5.0, 4.5, and 4.0 
respectively. Reprinted with permission from McConnell, EM., Bolzon, R., Mezin, P., Frahm, G., 
Johnston, M and DeRosa, MC. pHAST (pH-Driven Aptamer Switch for Thrombin) Catch-and-Release of 
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Figure 3.17: The binding of the Cy3-TBA and Cy3-pHAST to thrombin over a range of thrombin 
concentrations was evaluated by fluorescence anisotropy. Error bars represent standard deviation. The 
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(pH 7): 0.63 ± 0.18 μM, Cy3-pHAST (pH 5): 1.08 ± 0.18 μM. For each sample, the apparent KD values 
(KD ± Standard Error) were derived from the fit of the average of the closest two data points at each 
concentration. Reprinted with permission from McConnell, EM., Bolzon, R., Mezin, P., Frahm, G., 
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Figure 3.18: Representative gels of full concentration range of thrombin with Cy3-pHAST at pH 7.0 
(lanes C7.0 and 1-8) and pH 5.0 (lanes C5.0 and 9-14) where C is the control at a given pH. Cy3-pHAST 
(1.0 µM) was incubated with varying concentrations of thrombin; 0.0 µM thrombin (lanes C7.0, C5.0), 
5.0 µM thrombin (lanes 1, 9), 2.5 µM (lanes 2, 10), 0.50 µM (lanes 3, 11), 0.25 µM (lane 4), 50 nM 
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Figure 3.19: pH cycling in the presence of thrombin shows that the Cy3-pHAST can predictably catch-
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Figure 3.20: Top) The fluorescence anisotropy was measured Cy3-pHAST with thrombin (0.5 µM) in 1 
mM sodium phosphate buffer (140 mM NaCl, 0.5 mM KCl) during pH cycling. The large difference in 
size due to target binding, resulted in different anisotropy values under neutral (pH 7) versus acidic (pH 5) 
conditions. Error bars represent the standard deviation between three trials. Bottom) The fluorescence 
anisotropy the Cy3-pHAST in 1 mM sodium phosphate buffer (140 mM NaCl, 0.5 mM KCl) was 
measured while the pH was cycled to determine the effect of pH-dependent structure on anisotropy 
values. The change in anisotropy in the absence of thrombin is shown. The change of conformation of the 
pHAST from G-quadruplex to hairpin resulted in a small change in the measured anisotropy. Error bars 
represent the standard deviation between three trials. Reprinted with permission from McConnell, EM., 
Bolzon, R., Mezin, P., Frahm, G., Johnston, M and DeRosa, MC. pHAST (pH-Driven Aptamer Switch 
for Thrombin) Catch-and-Release of Target Protein. 2016, 27: 1493-1499. Bioconjugate Chemistry. 
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Figure 4.1: Schematic representation of the ventral tegmental area-nucleus accumbens (VTA-NAc) 
reward circuit. The major dopaminergic (green), glutamatergic (red) and GABAergic (blue) projections 
between the VTA and NAc in the rodent brain are shown. Other brain structures shown for reference 
include; the medial prefrontal cortex (mPFC), the striatum, the hippocampus (Hipp), the amygdala 
(Amy), the lateral dorsal tegmentum (LDTg), the rostromedial tegmentum (RTMg), the lateral habenula 
(LHb) and the lateral hypothalamus (LH). Reprinted by permission from Macmillan Publishers Ltd: 
Nature Reviews Neuroscience, (Russo, SJ., and Nestler, EJ. The brain reward circuitry in mood disorder. 
2013. Nature Reviews Neuroscience. 14:609-625)383 copyright 2013. .................................................... 178 
 
Figure 4.2: Illustration of the operant conditioning chamber. During the acquisition phase the animal is 
trained to press the lever twice, which shuts off the house light, changes the panel light from red to green 
and results in the delivery of a chocolate .................................................................................................. 180 
 
Figure 4.3: During the acquisition phase, the cumulative correct lever presses/5 min interval over the 30-
min session, by day reached a maximum between days 4 and 5. Groups were randomly assigned to be 
pretreated with intra-accumbens vehicle (0 nM/MK; n=7), aptamer (200 nM/MK; n=7), random 
oligonucleotide control (Random/MK; n=7), saline control (0 nM/MK; n=5) and aptamer/saline control 
(200 nM/Saline; n=5). Numbers in parenthesis = animals per group. Data expressed as mean ± SEM. .. 191 
 
Figure 4.4: Summary of mean correct lever presses by day during the acquisition phase. Groups were 
randomly assigned to be pretreated with intra-accumbens vehicle (0 nM/MK; n=7), aptamer (200 
nM/MK; n=7), random oligonucleotide control (Random/MK; n=7), saline control (0 nM/MK; n=5) and 
aptamer/saline control (200 nM/Saline; n=5). Two-way ANOVA (day by group) revealed a significant 
effect of day (F(4,16) = 94.44, p<0.001), and no group differences (F(4,26) = 1.57) or interaction 
(f(16,104) = 1.27). p<0.05; numbers in parenthesis = animals per group. Data expressed as mean ± SEM.
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Figure 4.5: Dopamine (purple) release from monoaminergic neurons (MANTs) is mediated by direct 
glutamatergic (Glu) and indirect glutamatergic/GABAergic (GABA) neuronal pathways. A balance 
between the accelerator and brake pathways regulates dopamine (DA) and other monoaminergic 
neurotransmitter release. Typically (left) the brake pathway predominates to regulate normal dopamine 
release. Failure (right) of these pathways, for example by MK-801 (black) induced hypoglutamatergia, 
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results in over activation of MANTs, and therefore increased dopamine release in terminal projection 
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Figure 4.6: Cumulative correct lever presses during the extinction phase (30 min session). Groups 
pretreated with intra-accumbens vehicle (0 nM/MK; n=7), aptamer (200 nM/MK; n=7), random 
oligonucleotide control (Random/MK; n=7), saline control (0 nM/MK; n=5) and aptamer/saline control 
(200 nM/Saline; n=5). Two-way, repeated measures ANOVA (group by 5 min time interval) revealed a 
significant main effects of group (F(4,26) = 3.84, p<0.05) and interval (F(5,20) = 56.74, p<0.001). 
Significant interactions between interval and group were observed (F(20,130) = 6.47, p<0.001). *, 
p<0.05. Numbers in parenthesis = animals per group. Data expressed as mean ± SEM. ......................... 197 
 
Figure 4.7: Cumulative incorrect lever pressing during the extinction phase. Groups pretreated with intra-
accumbens vehicle (0 nM/MK; n=7), aptamer (200 nM/MK; n=7), random oligonucleotide control 
(Random/MK; n=7), saline control (0 nM/MK; n=5) and aptamer/saline control (200 nM/Saline; n=5). A 
two-way ANOVA (group by 5-min interval) revealed no significant main effect. Numbers in parenthesis 
= animals per group. Data expressed as mean ± SEM. ............................................................................. 199 
 
Figure 4.8: Nose pokes during the extinction session as an indication of reward seeking behaviour. 
Groups pretreated with intra-accumbens vehicle (0 nM/MK; n=7), aptamer (200 nM/MK; n=7), random 
oligonucleotide control (Random/MK; n=7), saline control (0 nM/MK; n=5) and aptamer/saline control 
(200 nM/Saline; n=5). A two-way ANOVA revealed a significant main group effect (F(4,26) = 6.10, 
p<0.05). Numbers in parenthesis = animals per group. Data expressed as mean ± SEM. ........................ 200 
 
Figure 4.9: Intra-accumbens injection of the DBA did not significantly affect motor behaviour. The 
locomotor activity of a subset of animals was measured in an elevated cross maze (A) over a 30 min 
session. Animals were placed in the center of the maze (denoted by C in Figure 10 A) and their locomotor 
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Figure 4.10: Confirmation of cannula placement in the nucleus accumbens of aptamer treated and control 
animals (reproduced with permission from Dan Madularu’s M.Sc. thesis (Carleton University, 2010)). A) 
Coronal section of a rat brain. The location of the nucleus accumbens is shown in the small square. B-D) 
The placement of cannula and injector (indicated by orange arrows) in three different animals pre-treated 
with aptamer is shown. Staining of the brain coronal sections (4X) was done with cresyl violet. E) 10X 
magnification of cresyl violet stained brain coronal sections showing placement of cannula and injector. 
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Figure 4.11: Representative images of reduced pTH staining in the nucleus accumbens of aptamer-treated 
rats shown by histological analysis. A) The ratio of phosphorylated tyrosine hydroxylase (pTH) to 
tyrosine hydroxylase (TH) in the nucleus accumbens shell region was quantified. The ratio was 
significantly lower in the 200 nM/ MK group (**p<0.01). B) TH staining in the nucleus accumbens shell 
region was quantified and similar levels were observed between the 0 nM//MK and 200 nM/MK groups. 
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C) pTH quantification in the nucleus accumbens shell region revealed lower levels of staining in the 200 
nM/MK group than the 0 nM/MK group (**p<0.01). The sample size (n) was 3/group. Scale bars 
represent 500 µm. The magnification shown at the top of the 0 nM (Tris) images was the same for the 200 
nM images. In the top panel the data is represented as mean ± SEM. ...................................................... 209 
 
Figure 5.1: Schematic representation of the mechanism of action of the DBA in hyperdopaminergic 
conditions. A) Under normal conditions, dopamine (purple) is released from the pre-synaptic neuron into 
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synaptic dopamine autoreceptors (blue) and transporters (orange). B) Cocaine (red) increases the synaptic 
concentration of dopamine which intensifies signal transduction (grey). C) The DBA (black hairpin) binds 
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Figure 5.2: A) Schematic of the multi-DNA aptamer payload/targeting system. The lipid vesicle (blue 
sphere) is loaded with payload aptamer (black ribbons), and surface modified with a rhodamine-label 
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Figure 5.8: Fluorescence microscopy was used to determine the distribution of rhodamine fluorescence in 
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Figure 5.9: Specific amplification by RT-qPCR of DBA delivered to the brain tissue by DAL-TRAM in 
saline treated animals compared to a non-template control (NTC). The amplification curves of the DBA 
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electrophoresis (B). Lanes from left to right: 50 bp DNA ladder (1), animal 29 (2), non-template control 
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over a 30 min session once a day for 6 days;  DAL-TRAM (n=5), TRAM (n=5), and no injections (n=5). 
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Figure 6.1: Schematic representation of the DopaA20min aptamer-AuNP based sensor. A) When no 
aptamer (apt)-target binding occurs, the test solution remains red upon addition of NaCl. B) When apt-
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remained nonspecifically interacting with the surface of the AuNP, thereby having a protective effect 
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1 An introduction to aptamers, the selection of aptamers by 
Systematic Evolution of Ligands by EXponential 
enrichment (SELEX), and a comprehensive review of the 
use of aptamer-based technology in the central nervous 
system  
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1.1 Statement of contributions 

 The introduction chapter was based on a review written by EM McConnell, 

Matthew R. Holahan and Maria C. DeRosa. Additionally, the chapter contains updated 

literature to June 2016.  

1.2 Resulting publications 

 This chapter is based mainly on the review “Aptamers as promising molecular 

recognition elements for diagnostics and therapeutics in the central nervous system” 

published in Nucleic Acid Therapeutics (McConnell, E.M; Holahan, M.R; DeRosa, M.C; 

Nucleic Acid Ther. 2014 24(6):388-404).1 
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1.3 Introduction 

1.3.1 A brief history of functional nucleic acids 

 Historically, DNA and RNA were described in the context of the Central Dogma 

of Molecular Biology which, simply stated, defines the biological role of DNA as coding 

for RNA and subsequently the role of RNA as coding for proteins.2 Further, nucleic 

acids, particularly DNA, were understood to be non-functional as compared to proteins 

and were mostly responsible for information storage by means of the genetic code.3 In 

contrast to this belief, excellent work in the field of functional nucleic acids revealed that 

DNA behaves much more similarly to proteins than was originally believed.4,5 Though 

nucleic acids, which are made up of five different naturally occurring nucleotides 

(A,C,G,T, and U), lack chemical diversity compared to proteins (with as many as 20 

different basic amino acids), like proteins, DNA and RNA can fold into complex 3-

dimensional structures capable of binding diverse target types.4,5 A particularly 

interesting class of functional nucleic acids are called aptamers.  

1.3.2 Naturally occurring and in vitro selected aptamers 

Aptamers are small, synthetic single-stranded nucleic acid polymers that bind 

with high affinity and selectivity to target molecules. Aptamers have been selected for 

targets ranging from small molecules to whole cells.6–8 Often described as ‘natural 

aptamers’, riboswitches are located in mRNA. These oligonucleotide sequences contain 

an highly conserved aptamer domain that binds small molecules with high specificity and 

affinity and an expression platform domain.9 Upon target molecule binding, a structural 

transition of the aptamer domain is stabilized.9 This change in secondary structure of the 
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riboswitch either exposes or blocks the expression platform domain thereby regulating 

expression of the gene.9 Examples of known riboswitch-binding molecules include: 

adenine, guanine, flavin mononucleotide, thiamine, glycine, lysine, and S-

adenosylmethionine.10–19 Artificial riboswitches, in which an aptamer domain was 

inserted into a transcript, have also been designed which were capable of regulating gene 

expression.20–25 Compared to in vitro selected aptamers, riboswitches tend to have longer 

binding motifs and higher affinities for their cognate targets.9 

1.3.3 Aptamers as affinity tools 

Aptamers belong to a class of molecules characterized by their affinity for 

specific target molecules.26 These affinity tools are used for detection, purification and 

removal, diagnostics, therapeutics, theranostics and smart material applications.26–28 The 

most commonly used, and most well characterized affinity tools are antibodies.26 

Antibodies are biologically derived proteins that bind to a specific target with high 

affinity and specificity. They can be either monoclonal (one binding epitope) or 

polyclonal (multiple binding epitopes) depending on how they were produced. Aptamers, 

engineered binding proteins, and molecularly imprinted polymers (MIPs) have all 

emerged as potential alternatives to antibodies for affinity based applications.26,29,30 

Engineered binding proteins are non-antibody proteins that have been modified into 

binding proteins. Based on the molecular composition of antibodies, engineered binding 

proteins are isolated from protein variant libraries based on the typical structure of 

antibodies.26,30 Molecularly imprinted polymers are synthetic scaffolds that can recognize 

a single target molecule or a group of structurally and/or chemically similar 
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molecules.26,29 The characteristics of these affinity tools are compared in Table 

1.1.8,26,31,32 Though aptamers are often described as functionally similar to antibodies, 

aptamers have multiple advantages over antibodies (Table 1.2).26,28,33  
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Table 1.1: Characteristics of antibodies, aptamers, binding proteins and MIPs. 
Partially reproduced and modified with permission from Portland Press, Ltd from 
Ruigrok, VJB., Levisson, M., Eppink, MH., Smidt, H., and Van der Oost, J. 
Alternative affinity tools: more attractive than antibodies. Biochem J. 2011, 436: 1-
13. Copyright Portland Press, Ltd. 2011. 

 Antibodies Aptamers Binding 
Proteins 

MIPs 

Selection 
method 

In vivo In vitro In vitro In vitro 

Production 
source 

Animal or 
recombinant 

Synthetic Recombinant Synthetic 

Typical Size 
(kDa) 

~150-160 <30 ~5-20 N/A 

Target 
molecules 

Mostly 
immunogenic 
macromolecules 

Small 
molecules to 
cells including 
toxins 

Macromolecules 
and low-
molecular-mass 
molecules 

Mostly low-
molecular-mass 
molecules  

Post-selection 
modifications 

Feasible Multiple 
options for 
modification of 
backbone, 
sugar and base 
at terminal or 
internal 
positions  

Possible Achievable 
when 
considered 
during 
imprinting 

Stability Weeks at 4°C RNA: months 
at -80°C and 
DNA: years at 
room 
temperature 

Variable Years at room 
temperature 

Binding site 
variation 

Monoclonal: 
homogeneous 
and polyclonal: 
heterogeneous 

Homogenous Homogenous Heterogeneous 
or 
homogeneous 
depending on 
imprinting 
method 

Application 
conditions 

Physiological Both 
physiological 

Both 
physiological 

Mainly organic 
solvents.  Some 
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and aqueous 
non-
physiological. 
Some use in 
organic 
solvents. 

and non-
physiological 

use in aqueous 
solutions. 

 

 

Table 1.2: A comparison of the advantages and limitations of aptamers and 
antibodies 

 Aptamers Antibodies 

Advantages - Synthetically produced in a 
scalable process 

- Non-immunogenic 
- In vitro selection affords 

control over counter and 
positive selection targets 

- Does not require the use of 
animals and can therefore be 
selected for toxins 

- Easily chemically modified 
pre- or post-synthesis 

- Small size promotes 
bioavailability 

- Long shelf-life 
- Can be reversibly denatured 
- Complementary sequence 

binding provides inherent 
antidote to control binding 

- Not susceptible to nuclease 
degradation 

- Large size prevents renal 
clearance 

- Typically have very high 
affinity (at least nanomolar) 
and specificity for their 
cognate targets26 

Limitations - Pharmacokinetic and 
systemic properties are 
variable 

- Unmodified aptamers are 
susceptible to nuclease 
degradation and rapid renal 
clearance 

- Affinity typically ranges 
from micromolar to 
nanomolar 

- Aptamer specificity can vary 
greatly if selectivity was not 

- Tend to be immunogenic 
- Large size limits 

bioavailability 
- Biological production limits 

scalability and selection 
against counter targets 

- Limited shelf-life 
- Can be irreversibly 

denatured 
- Chemical modification by 

attachment chemistry can 
lead to reduced activity 
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controlled for during 
selection 

 

1.3.4 Systematic Evolution of Ligands by EXponential enrichment (SELEX) 

 Aptamers are selected by an in vitro process termed Systematic Evolution of 

Ligands by EXponential enrichment (SELEX).34–36  Briefly summarized in Figure 1.1, 

the general process begins with the incubation of a pool of 1014-1016 randomized 

oligonucleotide molecules (1) with the target molecule (2). From this incubation reaction 

(3), sequences with an affinity for the target (5) are partitioned from sequences that either 

weakly interact or do not bind to the target molecule (4). The relatively small pool of 

oligonucleotides identified as target binders (5) is then amplified to create an enriched 

library (6) which is then reintroduced to the target molecule and the iterative process 

begins again. The number of selection rounds required to obtain high affinity aptamers 

depends on a combination of factors but is mostly dependent on the selection method and 

the target type. Since the first in vitro selection methods were described, the SELEX 

process has evolved in many ways for a variety of target types and applications.8 

Typically the selection template (Figure 1.1: inset) was described as having a 

randomized region (green) of variable length (N) that was flanked by two known primer 

binding regions (red). Diversification in the process has shown success using templates 

with more than one random region, as well as templates designed for a particular 

structural bias or function.37 The different types and specific adaptations of SELEX have 

been reviewed elsewhere and are described in Chapter 2 and the accompanying Appendix 

2.1.38 
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blood clearance of aptamers in vivo can also be improved by increasing the molecular 

weight of the aptamer. Another strategy to increase molecular weight and in some cases 

add functionality is to create an aptamer conjugate. One of the simplest and most 

effective conjugation strategies is the addition of polyethylene glycol (PEG).39,40 

Additionally, the blood circulation time could be tuned according to the modification 

used, allowing the aptamer properties to be tailored for specific applications. Antibodies 

have been designed in this way. For example, antibodies have been conjugated to 

imaging probes to improve specific targeting, but the relatively long blood residence 

times of antibodies have led to toxicity and decreased imaging quality. Aptamers could 

be used as an alternative to antibodies in instances where a relatively long blood 

residence time is disadvantageous, such as cases of dose-related toxicity and improving 

in vivo imaging.41 In most cases, modifications can be made to the aptamer, application 

design or delivery system to overcome these obstacles.42 The chemical modification 

chosen should be carefully considered however, as any modification to the aptamer 

sequence may have diminishing or even deleterious effects on aptamer affinity and 

specificity. 

1.3.6 Aptamers as potential tools for the central nervous system  

Central nervous system (CNS) related disorders are estimated to affect 3.8 million 

individuals in Canada alone.43 Additionally, the age distribution of Canada’s population 

is shifting which will eventually result in an increase of the 65 year and older 

demographic from 15% to 23% by 2031.43 Given the socioeconomic burden of CNS 

disorders, the current limitations of treatment strategies and the increasing prevalence of 
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onset with age, developing novel diagnostic and treatment strategies is essential. A great 

deal of work has focused on the potential of aptamers in medical fields. For example, 

aptamers have been selected and applied in the fields of diagnostics, imaging, targeted 

delivery, and therapeutics.39,44–46 Although the central nervous system presents an 

interesting and diverse application base, aptamer research for CNS related targets and 

applications is relatively constrained, likely due to the structural complexity of the  

biological system.  

The CNS presents interesting challenges and limitations for aptamer research that 

are unparalleled in other biological systems. The blood-cerebrospinal fluid barrier 

(BCSFB) and blood-brain barrier (BBB) function to protect the brain and spinal cord 

from changes in the plasma content and regulate permeability.47,48 Of particular 

relevance, the BBB and BCSFB regulate the transfer of drugs into and out of the brain. 

Structurally, the BCSFB and the BBB are composted mainly of choroid plexus epithelial  

and cerebrovascular endothelial cells respectively.47,49 The rate and efficiency of drug 

transport into the brain depends on the interplay of the pharmacokinetics and 

pharmacodynamics of the drug. These properties, and eventually the rate and efficiency 

of drug transfer into the brain are determined by the physical and chemical characteristics 

of the drug (molecular weight (<400 Da), charge, polarity, lipophilicity, target affinity, 

etc.) as well as biological system parameters (cerebral blood flow, blood/tissue pH, 

barrier permeability, etc.).49,50 Since aptamers are large, polar, negatively charged 

molecules, brain permeability was expected to be low. In 2004, Healy et al., presented 

evidence that the intravenously injected aptamer and aptamer conjugates they studied 

were not distributed to the brain and therefore did not cross the brain barriers.40 Later, 
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Perschbacher et al., (2015) used quantitative PCR to show that some of the 

intraperitoneally injected aptamers they studied did circumvent the brain barriers and 

were detected in brain tissue, suggesting that some aptamers can cross the brain 

barriers.51 Differences in the sequence and secondary structure of the aptamers as well as 

the sensitivity of the detection techniques could explain the difference in detection. 

Interestingly, unmodified RNA aptamers that were capable of traversing the brain 

barriers were selected by Cheng et al. (2013).50 Further investigation is required to 

determine the exact mechanism by which the aptamers penetrate the brain barriers, but 

aptamer entry into the brain endothelia cells and parenchyma was observed. The authors 

hypothesized that since paracellular aqueous or transcellular lipophilic mechanisms were 

unlikely due to the physical properties of aptamers, the most likely entry method was 

either cellular/receptor-mediated uptake or pinocytosis.50 Currently, aptamer-based 

technologies are typically delivered to the brain by either the incorporation or 

encapsulation into a delivery vehicle such as liposomes, nanoparticles, micelles and 

dendrimers.48,52 The development of brain-penetrating aptamers expands the functionality 

and viability of delivery options. Conjugation of these aptamers to delivery vehicles or 

preparation of aptamer conjugates could prove useful in adding specificity or decreasing 

the complexity of CNS-targeting technologies.39,53 

1.4 Highlights of aptamer based research for CNS targets  

Aptamer research for CNS related targets has focused on a limited number of 

targets and pathologies. The remainder of the chapter will highlight aptamer research for 

neurotransmitter and neurotoxin targets, demyelinating disease and spinal cord injury, 
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cerebrovascular disorders, protein aggregation related pathologies (Alzheimer’s, 

Parkinson’s and prion disease), brain cancer (glioblastomas and gliomas), receptor 

function regulation, and investigating interneuronal signaling.  

1.4.1 Neurotransmitter and neurotoxin targets 

1.4.1.1 Dopamine and Schizophrenia 

1.4.1.1.1 Dopamine binding aptamer (DBA) based detection assays 

Ranging from small molecules to proteins, neurotransmitters are chemical 

messengers that are released from presynaptic neuronal membranes and exert their effect 

by acting on post-synaptic neuronal membranes.54 The majority of selections and 

characterization of aptamers for neurotransmitters have focused on the small molecule 

dopamine (DA). These dopamine-binding aptamers (DBAs), and the sensors that have 

been developed based on them are discussed in detail in Chapter 6. 

1.4.1.1.2 The efficacy of a dopamine binding aptamer in a models of Schizophrenia 

and cocaine-induced hyperlocomotion 

 Dopamine related dysfunction has long since been associated with schizophrenia 

and addiction. The ability of the DNA DBA was investigated in an animal model of 

schizophrenia. This study is discussed in detail in Chapter 4. Further, the ability of the 

DNA homolog DBA to reduce cocaine-induced hyperlocomotion was examined (See 

Chapter 5). 
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1.4.1.2 Aptamers for other neurotransmitters 

 For other neurotransmitter targets, aptamer research has focused mainly on novel 

selections and some sensor development. Selections have been performed for aptamers 

that bind to acetylcholine, adenosine, brain natriuretic peptide, recombinant anti-

neuroexcitation peptide and neuropeptide Y.55–61 The development of aptamers for 

neurotransmitter targets is especially important as aptamers could be used to develop 

technology to enable researchers to garner more information about neurotransmitter 

function and receptor transmission as well as investigate potential therapeutic strategies. 

In fact, a DNA aptamer selected for the target adenine was used to monitor the release of 

adenine compounds in real time by anchoring the aptamer to the cell surface of brain 

astrocytes.62 

1.4.1.3 Aptamers for the detection of botulinum neurotoxin 

 Botulinum neurotoxin (BoNT), one of the most devastating neurotoxins known, is 

classified as a Category A bioterrorism agent by the United States Centers for Disease 

Control.63  The ability to detect BoNT has been the focus of many studies which have 

been reviewed previously.64 As such, BoNT has been one of the most popular targets for 

neurotoxin related aptamer studies. The selection of DNA aptamers for BoNT 

additionally focused on optimizing generally applicable selection methods to obtain high 

affinity aptamers in minimal time with a small amount of target.65,66 Additionally, several 

aptamer based sensors have been developed for the detection of botulinum.67–72 Useful 

therapeutics may be developed from RNA aptamers that were selected to inhibit the 

toxicological mechanism of BoNT.73 Though BoNT is most commonly associated with 
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botulism, it has been shown to have some therapeutic efficacy in other CNS related 

disorders such as diabetic neuropathy, migraine headaches and multiple sclerosis. 

Therefore, aptamers selected for BoNT may prove useful in the development or 

improvement of technology for multiple disorders and diseases. Additionally, these 

aptamers could have potential applications within the fields of food safety and 

bioterrorism.64 

1.4.1.4 Aptamers for other neurotoxins 

 Neurotoxin targets are an exception compared to the other aptamer targets 

discussed in this chapter in that they often act on the peripheral nervous system and 

sometimes result in death before any central nervous system related symptoms can 

manifest.63 The majority of non-botulinum neurotoxin targets investigated are those 

derived from algal and marine sources. Aptamers have been selected and investigated for 

targets in this group including: Anatoxin-a, brevetoxin-2, gonyautoxin 1-4, and 

saxitoxin.74–77  These targets are of particular interest because paralytic shellfish 

poisoning poses economic and public health burdens on costal populations 

worldwide.78,79 Another class of neurotoxin that has been investigated are neurotoxins 

contained in snake venom such as β-Bungarotoxin and Phospholipase A2.80,81 Current 

estimates suggest that 5 million people a year are bitten by a snake.82 Aptamers offer a 

safer, more stable and more practical alternative to traditional antivenoms.57 Finally, 

second to botulinum, the most work for a single neurotoxin target has been done for ricin. 

Multiple selections have been performed to identify both DNA and RNA aptamers for 

ricin.83–86 These aptamers have been used extensively in sensors for the detection of ricin 
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and inhibition of ricin activity. 71,72,87–93 The binding interactions and conformation have 

also been thoroughly characterized94–98 Additionally, the stability of an RNA aptamer for 

ricin was enhanced by the incorporation of locked nucleic acids into the sequence.99,100  

1.4.2 Demyelinating disease and spinal cord injury 

1.4.2.1 Multiple Sclerosis, myelin and myelin related targets 

 Demyelinating diseases such as Multiple Sclerosis (MS) are inflammatory 

neurological diseases characterized by the degeneration of axon-insulating myelin.101 

Clinically, demyelination presents as fatigue, as well as impairments of vision, cognition 

and gait. Aptamers that inhibit the biological function of their target molecule have been 

selected for targets related to MS that include; interleukin-23, midkine, 2’,3’-cyclic 

nucleotide 3’-phosphodiesterase and interleukin-17A.102–105 DNA aptamers were selected 

to bind to the murine CD200R1 receptor and were shown to act as signaling molecules in 

the absence of the endogenous receptor target, CD200.106 The authors proposed that this 

aptamer could offer a nonsteroidal alternative to typical anti-inflammatory drugs.106 RNA 

aptamers have been selected for anti-myelin basic protein autoantibodies, the presence of 

which have been shown to be elevated in early on-set MS as well as autism.107–109 The 

authors presented preliminary work towards the development of a diagnostic laboratory 

test based on anti-MBP autoantibody detection by aptamer binding.107 This is an 

important step as currently a differential diagnosis of MS is based on clinical and 

paraclinical data and no diagnostic laboratory test exists.110 In another study, Rozenblum 

et al., (2014) selected DNA aptamers for myelin basic protein that outperformed 

commercially available anti-MBP antibodies in complex matrix as well as in an enzyme-
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linked immunosorbent assay.111 The aptamer identified may eventually lead to the 

development of an aptamer-based immune-protective therapeutic if binding of the 

aptamer to MBP can prevent immune-reactive T-cell activation.111 

1.4.2.2 Aptamers for the treatment of spinal cord injuries 

 Injury to the spinal cord results in local and diffuse damage to the primary and 

surrounding tissue respectively. In response to injury, the pathophysiological response 

leads to physical axonal disruption, the expression of axon growth inhibitors, glial 

scarring and myelin degradation.112 For this reason, myelin is also a target of interest in 

spinal cord injury. Nastasijevic et al., (2012) selected a DNA aptamer that binds to 

myelin.101 The effect of an aptamer-biotin conjugate on remyelination of the spinal cord 

was examined in Theiler’s encephalomyelitis virus (TMEV)-infected mice exhibiting 

MS-like lesions.101 At 27-weeks post TMEV-infection, mice were treated (i.p.) with 

aptamer conjugate solution (0.5 nmol) twice weekly for 5 weeks. Significant 

remyelination (35%) was observed in the spinal cords of TMEV-infected mice that had 

been treated with aptamer compared to non-binding control aptamers (4-9%).101 Further 

analysis revealed that the aptamer undergoes an ion-dependent conformational change 

from an anti-parallel G-quadruplex in the absence of potassium to a parallel G-

quadruplex under physiological conditions.113 Additionally, the in vivo distribution of the 

aptamer and aptamer-biotin conjugate was evaluated by quantitative PCR.114 The aptamer 

and aptamer-biotin conjugate were present in the liver, spleen, kidney and blood. 

Interestingly, the aptamer and aptamer-biotin conjugate were also detected in the spinal 

cord and brain.  
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 In another study, an RNA aptamer was selected for the Nogo-66 receptor (NgR). 

The NgR is known to be involved in the regulation of axon regeneration.115 The aptamer 

was investigated to determine its ability to competitively bind to NgR over myelin-

derived inhibitors such as myelin-associated glycoprotein (MAG), Nogo-A and 

oligodendrocyte myelin glycoprotein (OMgp). The aptamer was able to out compete the 

myelin-derived inhibitors and promote neurite outgrowth. When the axons of cells had 

been trimmed, the myelin-derived inhibitors decreased neurite outgrowth (Figure 1.2).  

 

Figure 1.2: Aptamer treatment induces recovery of neurite outgrowth in dorsal root 
ganglia (DRG). In control groups, neurons (200-500/group) were treated with 
buffer, a random oligonucleotide (RO RNA), myelin-derived inhibitors (MDIs), 
MDIs + RO RNA,  or MDIs + soluble NgR. The experimental groups were treated 
with MDIs and one of five different aptamers (Clone 40 shown). 100 nM of each 
MDI (Nogo-A,MAG and OMgp) was added (300 nM total concentration). Aptamers 
were added at 10 µM. Non-specific anti-beta III tubulin antibody was used to stain 
DRGs. The average neurite length was normalized by comparing groups to the 
buffer alone control. Scale bar 200 µm. Figure reproduced with permission under 
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Creative Commons licensing from Wang, Y.; Khaing, Z. Z.; Li, N.; Hall, B.; 
Schmidt, C. E.; Ellington, A. D. PLoS One 2010, 5 (3), e9726. 

When the cells were treated with aptamer however, neurite outgrowth was increased 

significantly leading to 80-90% growth recovery compared to the buffer control whereas 

the inhibitor and inhibitor/random oligonucleotide treated controls only showed ~50% 

recovery. This important work validates the potential of aptamers to be used to treat 

spinal cord injury but more generally as neuromodulators. 

1.4.3 Cerebrovascular disorders 

1.4.3.1 Aptamers for stroke intervention 

 Many of the diagnostic and therapeutic effects of anticoagulant and 

antithrombotic aptamers were investigated in models of cardiovascular disease, including 

but not limited to ischemic stroke.116 Several of these aptamers, which bind to the targets 

thrombin, vWF, factor IX or factor XII, have been investigated in clinical trials.116 The 

excellent work done by many aptamer research groups to investigate the regulation of 

blood coagulation outside the CNS was recently reviewed.117,118 Affecting one in six 

people worldwide, the most common acquired disability is stroke.119 In both ischemic and 

hemorrhagic strokes, normal blood flow is interrupted which leads to cell death. Without 

intervention, stroke can have disastrous effects leading to lack of functional recovery and 

death. Therapeutic strategies tend to focus on treatment with antithrombotics and 

antiplatelet factors to improve reperfusion.120 Recently, significant progress has been 

presented utilizing aptamer technology for stroke intervention. That progress is 

highlighted in the following section.   
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 Currently, tissue-type plasminogen activator (TPA) is the only treatment for 

cerebral ischemic stroke approved by the United States Food and Drug Administration.121 

TPA works to increase reperfusion by promoting the destruction of intravascular clots. 

However, TPA is rarely used as it needs to be administered relatively quickly after 

symptom onset and has an associated risk of uncontrollable intracranial hemorrhage.120 

Evidence suggests that the interaction of TPA with low-density lipoprotein (LDL) family 

receptors is advantageous to vasculature but detrimental to the cerebral parenchyma 

during ischemic stroke.121 Aptamers were selected to bind to TPA under conditions 

where LDL family receptor-related protein-1 (LRP-1) were inhibited and fibrinolytic 

activity of TPA was maintatined.121 Two aptamers were identified that were able to 

efficiently modulate LRP-1 function while minimally effecting clot lysis in cell culture. 

Additionally, receptor-associated protein (an LDL family receptor ligand) sensitive 

endocytosis was inhibited. Therefore, coadministration of a TPA binding aptamer and 

TPA may improve TPA treatment by aptamer-mediated restriction of the site of TPA 

action to the vasculature. 

Aptamers were selected for factor IXa, an enzyme involved in the blood 

coagulation cascade, and their antithrombotic effect was investigated in a murine model 

of ischemic stroke.120,122 Specifically, the effect of the aptamer on anticoagulation, 

thrombin generation, inflammation and neurological deficit was explored.120 To 

determine the effect of the aptamer on anticoagulation, clotting time was assessed after 

treatment with the aptamer. The observed clotting times of animals treated with the 

aptamer was significantly increased compared to controls. When animals were further 

treated with the aptamer antidote (the aptamer complement), the clotting time observed 
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p<0.05). Figure 3 B was produced from data presented in Blake, C. M.; Wang, H.; 
Laskowitz, D. T.; Sullenger, B. A. Oligonucleotides 2011, 21 (1), 11–19. 

 

Blake et al., (2011) examined the efficacy of the aptamer antidote administration in 

reversing anticoagulatory-related hemorrhage in a model of subarachnoid hemorrhage.120  

The authors found that the hemorrhage size observed in the aptamer/antidote group was 

significantly decreased compared to those observed in the aptamer/saline treated group. 

When the Factor IXa aptamer was administered without the antidote, a 71% increased 

mortality rate was observed compared to animals that had received an inactivated control 

(0%). As expected, the aptamer prevented coagulation, however to the detriment of the 

animals. Importantly, a significant decrease in mortality (33%) was observed when the 

aptamer/antidote was administered. This work was the first example of a reversible 

aptamer-based therapeutic for the treatment of ischemic stroke but also serves as an 

important example of the potential of aptamer/antidote based treatment strategies to be 

used to add an extra element of control in otherwise risky treatments. Unfortunately, a 

clinical trial examining the ability of aptamer/antidote treatment to reduce ischemic 

events without increasing bleeding post percutaneous coronary intervention was recently 

terminated due to severe allergic reaction to the aptamer/antidote formulation.123 

Additionally, from the preliminary data collected, there was insufficient evidence to 

suggest that the aptamer/antidote formulation reduced ischemic events or bleeding 

compared to the direct thrombin inhibitor (bivalirundin) control. 

Another target investigated was von Willebrand (vWF) factor which is involved 

in thrombosis. Platelet aggregation is in part mediated by the interaction between vWF 
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and platelet glycoprotein Ib.124  vWF is of particular interest because targeting it could 

allow for the inhibition of the prothrombotic function of vWF without disrupting the 

coagulation system.125 Therefore decreasing the risk of treatment complications such as 

intracerebral hemorrhage.125 The efficacy of an aptamer (ARC1779) selected to bind to 

vWF on cerebral embolization was examined in a randomized clinical trial.124–126 In this 

study, patients undergoing carotid endarterectomy for carotid stenosis were monitored for 

post-operative stroke, as risk associated with the procedure.125 Injections of ARC1779 

were given to patients before, during and after surgery. A reduction in cerebral embolism 

was observed in patients that had received the aptamer treatments.   

Finally, it is important to mention the work done investigating thrombin binding 

aptamers. Thrombin is a protease involved in the coagulation cascade.127 Fibrinogen is 

cleaved into fibrin by thrombin at the site of vascular injury which results in clot 

formation.127 Several aptamers have been selected that bind to thrombin isoforms, 

including human α-thrombin.128–130 The aptamer-thrombin binding interaction has been 

an important relationship in aptamer research. It is the most commonly used model 

systems used in the design of proof-of-concept systems. In fact, approximately 20% of 

the aptamer-related research papers published between 1990 and 2013 made use of one or 

both of the thrombin aptamers.127 Deng et al., (2014) recently reviewed the development 

of over one hundred thrombin binding aptamer based analytical techniques with a focus 

on affinity separation, homogenous assays and electrochemical aptasensors. Chapter 3 

describes the incorporation of a thrombin binding aptamer into a pH-driven Aptamer 

Switch for Thrombin (pHAST), which may provide valuable insight into pH changes 

during ischemic stroke. 
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Additionally, work has been done to investigate the effect of creating multi-

aptamer conjugates or bivalent aptamers on clotting. In one example, two thrombin 

aptamers were tethered together by a poly A tail and showed a 5-fold increase in 

thrombin catalytic efficiency compared to the ~2-fold increase observed for either 

thrombin binding aptamer alone.131 In another example, aptamers for factor Xa and 

prothrombin were linked together and were shown to increase clotting time more so than 

either aptamer alone.132 When the fully complementary antidote oligonucleotide was 

introduced the anticoagulatory effect was fully reversed. Interestingly, when either single 

aptamer antidote was added, the clotting time was reduced to that of the active aptamer 

alone.  

1.4.3.2 Aptamers for migraine related targets 

 The term migraine encompasses a class of neurological disorders associated with 

disrupted neurovascular function. Calcitonin gene-related peptide (CGRP) is a 

neuropeptide that is a potent vasodilator and is associated with regulation of meningeal 

blood flow.133 Elevated plasma levels of CGRP have been linked to migraines and 

headaches.134 Further, infusion of CGRP was shown to lead to migraine-like attacks in 

individuals who had a history of migraines.135 The results of several phase I and II 

clinical trials support the causative role of CGRP in headaches as CGRP receptor 

antagonists reduced migraine pain.136 Two selections have been performed to select RNA 

Spiegelmers that bind to CGRP.133,136 Spiegelmers are the mirror-image aptamers. 

Spiegelmers are synthesized as L-configuration oligonucleotides, as opposed to the 

naturally occurring D-configuration.137 Since the L-configuration  is non-naturally 
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occurring, the configuration of Spiegelmers inherently affords biostability due to the 

stereoselective nature of enzymes such as nucleases.137 Spiegelmers are selected through 

a process in which the naturally occurring D-configuration aptamer against the mirror-

image of a chiral target is identified through traditional SELEX. The aptamer sequence is 

then synthesized as an L-oligonucleotide to produce a Spiegerlmer. The NOX-C89 

aptamer described by Vater et al., (2003) was tested in several models. When NOX-C89 

was applied topically to exposed dura mater of rats, a dose-dependent inhibition of blood 

flow was observed.138 Additionally, NOX-C89 treatment led to a reduction of CGRP 

release.138 The in vivo effect of the NOX-C89 was compared to that of a monoclonal 

CGRP antibody in a rat closed cranial window model.139 Animals were pre-treated with 

either PEGylated NOX-C89 or the CGRP antibody and then received CGRP treatment. 

CGRP treatment induced dilatation of the dural and pial arteries. PEGylated NOX-C89 

inhibited vasodilation of the dural and pial arteries to levels that were not significantly 

different than baseline measurements compared to the CGRP antibody which inhibited 

vasodilation of the dural artery, but not as low as baseline values. There was no 

significant difference in pial artery dilatation by CGRP before or after CGRP antibody 

administration. However, neither the PEGylated NOX-C89 or CGRP antibody were able 

to inhibit dilatation resulting from electrical stimulation, likely because neither the NOX-

C89 nor the CGRP antibody were able to cross the blood-brain barrier efficiently.139 

Unfortunately, the NOX-C89 only showed moderate cross-reactivity with human CGRP 

and so clinical development was halted.136 Recently, Hoehlig et al., (2015) selected a 

Spiegelmer (NOX-L41) that binds to human and rat CGRP with high affinity and 

selectivity.136 Inhibition of plasma protein extravasation has been used as a model to 

25 

 



select non-vasoconstrictive treatments for migraine. The authors showed that NOX-L41 

was released from blood vessels of the dura mater, and was able to interact with CGRP 

and inhibit neurogenic meningeal plasma protein extravasation for a minimum of 18 h 

post injection. These studies are important as they show the potential of using aptamers to 

treat migraines but also the potential of Spiegelmer technology.  

1.4.4 Protein aggregation related pathologies 

1.4.4.1 Aptamers for targets related to Alzheimer’s disease 

 Aggregation of beta amyloid peptide (Aβ) and hyperphosphorylated tau protein 

leads to the formation of amyloid plaques and neurofibrillary tangles, the presence of 

which is characteristic of the neuropathology of Alzheimer’s disease.140 Patients with 

Alzheimer’s disease present clinically with a deterioration of cognitive functioning and 

dementia.140 Physiologically, these symptoms are caused by microscopic and 

macroscopic changes that occur due to the abnormal aggregation of Aβ peptide and 

hyperphosphorylated tau.140  

The use of aptamers as potential tools to mitigate AD has been previously 

reviewed.141,142 With the intention of understanding and preventing protein aggregation, 

the majority of work done has focused on developing aptamers that selectively bind to 

either the monomeric or oligomeric forms of the Aβ peptide. Only one selection focused 

on selecting aptamers that proved successful in degrading tau aggregates.143 Out of the 

selections done, there has been limited success in identifying aptamers capable of 

selectively binding either the monomeric or oligomeric target. Aβ peptide rapidly forms 

insoluble aggregates which has made selecting aptamers that bind to either the 
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monomeric or oligomeric forms of Aβ peptide over forms particularly difficult. Instead, 

the described aptamers tended to selectively bind to the fibrillary forms (Aβ1-40 or Aβ1-

42).144,145 An important exception was work done by Takahashi et al., (2009) in which 

RNA aptamers were selected that selectively bound to monomeric Aβ peptide.146 The 

ability of these monomeric Aβ peptide binding aptamers to inhibit Aβ aggregation and 

fibrillization was evaluated in an enzyme-linked immunosorbent assay and transmission 

electron imaging. Two aptamers, N2 and E2 were shown to reduce Aβ aggregation and 

fibrillization. Expanding on this work, the N2 aptamer was conjugated to poly(lactic-co-

glycolic acid) [PLGA]-coated curcumin encapsulated nanoparticles.147 The judicious 

choice of curcumin nanoparticles was used as it could have potentially amplified the 

effect as curcumin, has been shown to inhibit Aβ aggregate formation.148 Dynamic light 

scattering and scanning electron microscopy were used to evaluate the interaction 

between the aptamer modified nanoparticles and the protein aggregation. Though the 

degree of aggregation observed with the aptamer modified nanoparticles was similar to 

that observed for the nanoparticle control, the authors proposed that the aptamer modified 

nanoparticles could be used to specifically deliver curcumin to excess peripheral amyloid. 

Since marked reductions in peripheral amyloid have been associated with decreased brain 

amyloid, this may prove to be a useful strategy for treating AD.147 

 Though the identification of aptamers that bind to amyloid fibrils holds potential 

for the detection and elucidation of amyloid related pathologies, several research groups 

have focused on alternative indirect approaches to preventing Aβ aggregation.149 For 

example, RNA aptamers have been selected that bind to an epitope within the 

cytoplasmic domain of β-secretase (BACE1), a protease involved in initiating Aβ.150 
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Recently, another selection against BACE1 identified DNA aptamers that were capable 

of binging to BACE1 with high affinity and specificity that when evaluated in an AD cell 

model, had an inhibitory effect on BACE1 activity.151 In another example, the role of 

nucleolin (a protein) in microglial associated phagocytosis of Aβ1-40 and Aβ1-42 was 

investigated using a nucleolin-binding DNA aptamer (known as AGRO100 or AS1411) 

developed by non-SELEX.152,153 Interestingly, AS1411 was successful in inhibiting 

microglial-associated phagocytosis of monomeric and fibril Aβ1-42 but not Aβ1-40.  

Current strategies to diagnose AD include the identification and quantification of 

AD related biomarkers in blood and cerebrospinal fluid. Therefore existing aptamers may 

be successfully applied in diagnostic applications and there exists novel biomarker targets 

for which aptamers could be selected.154–156 Recently, the development of an α-1 

antitrypsin aptamer-antibody sandwich assay for the detection of α-1 antitrypsin, a known 

biomarker for AD, in serum was described that was able to detect α-1 antitrypsin at 

clinically relevant levels.157–159 

1.4.4.2 Slow off-rate modified aptamers (SOMAmers) for the identification of AD 

biomarkers 

SOMAmers (slow off-rate modified aptamers) are a subclass of aptamers that 

hold significant potential for studying CNS-related disorders and diseases.160 SOMAscan 

is a SOMAmer-based capture array technology that allows for the identification of 

SOMAmers for protein biomarkers from biological samples.161 The technology, that 

requires less than 100 µL of biological sample has been used to investigate 49 000 

samples from clinical studies, some of which focused on the identification of CNS-
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related biomarkers.162,163 SOMAscan technology has been used to discover blood-based 

protein biomarkers that could be useful in diagnosis and staging AD.158 SOMAmers have 

also been identified that bind to and inhibit interleukin-6 (relevant to brain cancer 

research), and nerve growth factor.164,165 Additionally, a SOMAmer array was developed 

which facilitated the identification of biomarkers of aging, which may provide clinical 

relevancy for AD and Parkinson’s disease.166 

1.4.4.3 Aptamers for AD imaging applications 

 Due to the relative ease of synthesis, chemical modification and in vivo stability, 

aptamers are excellent candidates for imaging applications within the CNS, for example 

diagnostic screening in AD. Recently, a multifluorescein-labelled RNA aptamer based 

probe was developed to detect and visualize Aβ oligomers and amyloid plaques (Figure 

1.4) in an in vivo mouse model of AD.145,167 Construction of an imaging window by 

craniotomy allowed the aptamer probe to be applied topically to the surface of the brain 

and for multiphoton images to be obtained. Imaging with the fluorescent aptamer probe 

(green) 1 hour post application (Figure 1.4) showed the presence of amyloid plaques in 

the cerebral cortex and surrounding vasculature (red).  
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Figure 1.4: In vivo 2-photon microscopy was used to image plaques in the cortex (a) 
and amyloid (b) in the vasculature from an 18-month-old amyloid precursor protein 
(APP)/presenilin-1 (PS1) transgenic mouse that had received a topical application of 
the fluorescent aptamer probe 1 hour before imaging. Aptamer localization is shown 
in green and vasculature was visualized with Texas red-labelled dextran. Scale bars: 
20 μm. CAA: cerebral amyloid angiopathy. Figure reproduced from Farrar et al., 
2013 in accordance with the PLOS Creative Commons Attribution (CC BY) 
licence.167 

After a 24 hour period, another set of images were obtain which showed that the stability 

of the aptamer in vivo was at least 24 hours. Over this time, the amyloid plaque detection 

efficiency decreased from 96.0% at 1 hour to 77.8% after 24 hours. Simao et al., 2015 

selected DNA aptamers for vascular cell adhesion molecule-1 (VCAM-1), a molecule 

that during inflammation is overexpressed by activated cerebrovasculature.168 From these 

aptamers an imaging probe was developed that was shown to identify Aβ plaque 

associated inflammation in the cerebellum of an AD mouse model. 
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1.4.4.4 Aptamers for Parkinson’s disease related targets 

 Characterized clinically by resting tremor, rigidity, postural instability, and 

bradykinesia, Parkinson’s disease (PD) is a progressive neurodegenerative disease.169 On 

the neuronal level, the pathology of PD is characterized by degeneration of dopaminergic 

neurons in the substantia nigra pars compacta that leads to a marked decrease in 

dopamine levels.169 In addition to decreased dopamine, the presence of cytoplasmic Lewy 

bodies (which are also implicated in Lewy body dementia) that are made up of ubiquitin 

and α-synuclein aggregates. Evidence suggests that α-synuclein aggregation is 

concentration dependent, and so research efforts have focused on selecting DNA 

aptamers that bind to the monomer and oligomer forms of α-synuclein.169–171 Previously a 

DNA aptamer was selected that bound to both the monomer and oligomer forms of α-

synuclein but showed no affinity for Aβ1-42.170 More recently, a DNA aptamer was 

selected that showed affinity for both the α-synuclein oligomer (but not the monomer or 

fibril) as well as the Aβ oligomer.171 In this case, binding was probably conformation 

specific; both proteins exhibit a β-sheet conformation.170,171 Just like the AD example, 

these aptamers could be used to improve existing imaging techniques such as magnetic 

resonance imaging (MRI) and positron emission tomography as well as to draw new 

insight into the pathophysiologic role of α-synuclein in PD 

1.4.4.5 Aptamers for applications in prion disease 

 Transmissible spongiform encephalopathies (TSEs) also known as prion diseases 

are neurodegenerative diseases that fatally affect humans and other mammals.172 Several 

prion diseases including sporadically occurring Creutzfeldt-Jacob disease (CJD), variant 
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CJD (which occurs due to the consumption of contaminated meat product), genetic fatal 

familial insomnia, genetic Gerstmann-Sträussler-Scheinker syndrome, acquired kuru and 

the most well-known bovine spongiform encephalopathy (“mad-cow” disease)  have been 

identified to date.173,174 It is not entirely understood in what way prions exert their toxic 

effect within the CNS, but it is known that the conversion of the normal form of the 

protein (PrPC) to the insoluble and proteinase K-resistant, pathological form of the 

protein (PrPSc; where the Sc refers to scrapie) results in cellular death.175 The pathological 

form of the protein exponentially accumulates in the brain because the conversion of the 

normal form to the disease-state isoform is self-propogating.173  

As with other protein aggregation pathologies, treatment strategies for prion 

disease have focused mainly on either preventing aggregation or removing existing 

aggregates. Aptamer work has been largely focused on selecting aptamers that bind to 

either the native form or disease-state isoform of the prion protein as well as developing 

detection methods that are highly sensitive and selective.141,173,174,176  Many selection 

experiments have been performed to identify aptamers that target prion isoforms.174,177–179 

Work has been done to characterize the G-quadruplex secondary structure and binding 

sites of some of these aptamers to prion protein.178–183 Interestingly, the sequence and 

structure of the prion protein is highly conserved across species and therefore many of the 

selected aptamers exhibited affinity for the protein from multiple species sources.184 

Recently, aptamer work with prion targets has focused on the development of aptamer-

based sensors for the highly sensitive and selective detection of prion isoforms.185–205 

Important work has also been done using the PrPC-binding aptamers described to 
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understand not only the pathological conversion of PrPC but also for understanding 

endocytic pathways.206,207 Additionally, an RNA aptamer was shown to reduce the 

disease-state isoform of the prion protein in a cellular assay.183 This work has important 

implications in studying self-propagation in TSEs but may also be widely applicable to 

understanding other protein-aggregation related neurodegenerative disease. 

1.4.5 Aptamers for brain cancer (Glioblastoma and Glioma) related targets 

 Much of the early aptamer research for brain cancer targets focused on 

understanding the pathology of the specific cancers glioblastoma and glioma as well as 

developing aptamer-based therapeutics.208–212 Several reviews have discussed the 

progress made in these studies.141,176,213 Tenascin-C, an extracellular matrix protein that is 

overexpressed during tumor growth has been the interest of multiple studies.210,211 

Interestingly, the structure of the Tenascin-C aptamer selected by Hicke et al., (2001) was 

compared to the structure of miRNAs over expressed in gliomas.211,214 From these data, 

the authors proposed that beyond their known function in gene regulation, miRNAs may 

also behave like aptamers to regulate the activity of specific proteins.214 Other work has 

focused on selecting aptamers for known biomarkers, identifying novel biomarkers for 

brain cancer and selecting aptamers that bind specifically to glioblastoma cell lines over 

other cancer cell lines.215–218 Further, aptamers that bind to glioblastoma tumor initiating 

cells (TICs) were identified and shown to be internalized, providing potential for 

aptamer-based targeted therapeutics.219 
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1.4.5.1 Imaging brain cancers with aptamer-based probes 

 Several aptamers have been used to develop imaging probes for brain cancer 

targets and are summarized well in Delač et al., 2015.212 A tenascin-C aptamer was either 

radiolabeled or fluorescently labelled and used to image glioblastoma tumor xenografts in 

live mice.41,211 Both imaging and biodistribution studies were performed and these studies 

revealed that the aptamer was efficiently taken into the cell within 10 mins and also 

accumulated in tumor tissue. The general applicability of this probe was shown by 

examining different radiometal chelators. Depending on the chelator used, the 

biodistribution and clearance were affected but aptamer-target binding functionality 

remained intact. Therefore the imaging probe could be tailored to the application by the 

judicious choice of metal chelator. Importantly, due to the expression of tenascin-C in 

other tissues, the tenascin-C aptamer could also be used to study breast, colon, lung, 

lymphoma, melanoma, prostate, and sarcoma carcinomas.41 Another important imaging 

example involved the development of an imaging probe based on an RNA aptamer for 

human matrix metalloprotease 9, a protein whose overexpression is known to contribute 

to tumor metastasis.220 This versatile imaging probe was used to image eight different 

brain tumor types in ex vivo brain tissue slices. Recently, aptamers were selected by Cell-

SELEX for the biomarker Epidermal growth factor receptor variant III (EGRFvIII) and 

developed into molecular imaging probes to detect EGRFvIII in mouse xenografts.218  

Some progress has been made using aptamers to image brain cancers in human 

tissue. For example, an imaging probe was developed from aptamers selected to bind to 

glioma cell lines that selectively identified glioma tissue compared to non-cancerous cells 

and tissues.221 Most recently, DNA aptamers were selected that bind to gliosarcoma, a 
34 

 



highly invasive variant of glioblastoma multiforme.222 One of the aptamers selected by 

Cell-SELEX was modified into a molecular imaging probe and was successfully used to 

image gliosarcoma tissue from clinical samples. It is important to develop aptamer-based 

imaging probes as they may provide earlier detection, more accurate tumor grading, and 

more distinct tumor margin identification. 

The development of novel brain tumor diagnostics and therapeutics based on 

multifunctional nanoparticles (MfNPs) holds great promise. These MfNPs can have 

magnetic, optic or thermal properties which could be used to design imaging probes, 

therapeutics and theranostics.223,224 Increasing attention has been paid to the development 

of aptamer-conjugated nanoparticles for applications in imaging and targeted delivery. 

Quantum dots are an excellent example of a nanoparticle that holds potential for 

application design. In particular, if the toxicity of quantum dots in vivo could be 

controlled by aptamer-conjugated quantum dots, they may serve as a dually functional 

alternative to traditional radiolabels, metal chelates, or fluorescence imaging methods.225 

For example, dendrimer-modified CdSe quantum dots with aptamer conjugated to the 

surface of the nanoparticle were developed to specifically bind to U251 glioblastoma 

cells in vitro.226  

Nanoparticles with magnetic properties have also been investigated. An aptamer 

for vascular endothelial growth factor receptor 2 (VEGFR2) was conjugated to magnetic 

nanocyrstals (Apt-MNC) to develop a contrast agent which was used for specific 

magnetic resonance (MR) imaging.227 VEGRF2 was a particularly interesting target for 

MR imaging because glioblastomas are highly vascularized.227 In an in vivo model of 
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glioblastoma, the aptamer-based specific contrast agent, Apt-MNC was shown to enhance 

the MRI signal intensity two times over the nanocrystal control. Additionally, the Apt-

MNC was non-toxic and biocompatible; advantageous properties compared to quantum 

dot based strategies.227 In another example, a “nanosurgeon” was developed based on 

aptamer-conjugated magnetic nanoparticles.228 The nanosurgeon, controlled by applying 

an 1-Hz rotational magnetic field, was able to selectively detach U251 glioblastoma cells 

from a culture surface and induce cell death in in vitro studies.228 If this technique were 

paired with MR imaging, it may allow for the removal of tumor cells from previously 

inaccessible and inoperable locations. 

1.4.5.2 The use of aptamers to initiate cell death in brain cancer 

 Several studies have looked at the ability of aptamers to cause cell death during 

the initial phases of tumor growth. Epidermal growth factor receptor variant III 

(EGFRvIII) is a protein that is involved in brain tumor cell growth, differentiation and 

survival and is uniquely expressed in glioblastoma.229 In normally maturing cells, 

EGFRvIII is glycosylated, the surface expression of which is required for cell growth.229 

Aptamers were selected that bound to newly synthesized unglycosylated EGFRvIII 

before post-translational glycosylation could occur.229 The interaction of unglycosylated 

EGFRvIII with aptamer reduced EGFRvIII cell surface expression by 90% and 

subsequently a 5-fold increase in apoptotic cells. In another study, aptamers were selected 

to inhibit human wild-type EGFR (EGFRwt)230. It was demonstrated that upon binding, 

the aptamer (CL4) inhibited the autophosporylation of EGFRvIII as well as downstream 
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signaling pathways such that the migration, invasion and proliferation of EGFRvIII-

expressing glioblastoma cell lines were affected. 

 A significant challenge in brain tumor treatment is the specific delivery to and 

therapeutic accumulation within target tissue. One strategy to overcome these barriers has 

involved the use of photodynamic therapy (PDT).231 In PDT, reactive oxygen species are 

generated in situ by the irradiation of light sensitive drugs termed photosensitizers.231 

These reactive oxygen species are used to treat tumors by initiating cell death.231 An 

aptamer based PDT probe was designed by conjugating chlorin e6 (a photosensitizer 

molecule) to the human interleukin-6 receptor (IL-6R +) aptamer.232 Previously, human 

IL-6R was shown to be over expressed in glioma tissue.233 Rapid, selective uptake was 

observed when the aptamer-based PDT probe was incubated with IL-6R + cells.232 

Activation of the aptamer based PDT probe by light irradiation lead to selective cell 

death.232 This method is particularly interesting as PDT probes could by developed by 

changing the aptamer component to an aptamer for other targets of interest. 

1.4.5.3 Aptamer-mediated targeted delivery 

 The delivery of CNS-specific chemotherapeutics could be improved by the 

development of aptamer-conjugated drug delivery vehicles. In fact, chemotherapeutic 

agents have been specifically delivered to U87 tumor spheroids and C6 glioma 

xenografts.234,235 In one study, PEG-PLGA nanoparticles that had the nucleolin-binding 

aptamer, AS1411, conjugated to the surface (Ap-PTX-NP) were loaded with the drug 

paclitaxel.234 In treated animals, Ap-PTX-NP accumulated in C6 glioma xenograft tissue 
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coxsackie was investigated in glioblastoma cells.236 To overcome the limitation of low or 

even absent expression of CAR in associated cells, either AS1411 (for nucleolin) or GBI-

10 (for tenascin-C)  aptamers were conjugated to Ad5 to add specificity to the targeting 

system.236 Data from this study suggested that the aptamer modified adenovirus would be 

an effective mechanism for cancer gene therapy. Compared to controls, the transduction 

efficiency of AS1411-Ad5 and GBI-10-Ad5 was approximately 4.1-fold and 5.2-fold 

respectively. 

 Delivery of therapeutics across the BBB and blood-brain tumor barrier remains 

one of the greatest challenges in the successful treatment of brain tumors.237 Recently, a 

cascade targeting system that first was able to transverse the BBB and then mediate the 

specific delivery of the drug delivery system to the tumor tissue was developed to target 

glioma.238 In this work, the BBB was targeted by a 12-amino-acid peptide (TGN) that had 

previously been shown to interact with the BBB.239 To target the tumor, the AS1411 

aptamer was used. The design of the nanoparticle-based, aptamer-modified drug delivery 

system (AsTNPs) allowed for the specific delivery of docetaxel to glioma tumor tissue. 

Furthermore, the AsTNPs were shown to penetrate the tumor core, which led to increased 

survival time. 

1.4.6 Aptamer-based regulation of receptor function 

1.4.6.1 Aptamers that bind to the transferrin receptor 

 The ability of receptors to mediate transport across a cellular barrier is often 

exploited in targeted delivery. A particularly interesting set of receptor target for 

aptamer-based delivery strategies are the family of transferrin receptors (TfRs), which are 
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known to be involved in transcytosis across the BBB. TfRs are also a relevant target for 

BBB applications since TfRs highly expressed on endothelial cells. In fact, DNA (GS24) 

and RNA (FB4) aptamers have been selected to bind to mouse TfRs and were shown to 

be internalized into mouse fibroblasts (Ltk- cells).53 Further, the aptamer binding site is 

different than the transferrin-binding site, thus the normal cellular function was not 

disrupted upon aptamer binding. The interaction of GS24 with murine TfR was further 

investigated, which led to the rational design of a truncated minimal aptamer that 

exhibited increased affinity compared to the parent sequence.240 Finally, a DNA complex 

(GS24- NF-κB) was prepared through the conjugation of the GS24 TfR aptamer to a NF-

κB DNA decoy.241 The role of the TfR aptamer was to deliver the NF-κB DNA decoy to 

the brain endothelial cells so that the NF-κB DNA decoy could modulate the gene 

expression of NF-κB, a protein implicated in inflammation associated with ischemic 

stroke and other neuro-inflammatory diseases.241 The GS24- NF-κB successfully 

delivered the NF-κB DNA decoy across the murine BBB model (bEND5 cell line) and an 

inhibited cerebral vascular inflammatory response was observed. 

 A TfR-binding aptamer was also used as the targeting moiety in an aptamer-

conjugated PEG-PLA micelle to deliver flurbiprofen across the BBB via receptor 

mediated transcytosis.53,242 Flurbiprofen, an anti-inflammatory drug, has been 

investigated in phase-3 clinical trials to treat AD, but had limited success due to the low 

solubility and bioavailability of the drug itself.242 In this study, flurbiprofen was 

successfully delivered across a murine model of the BBB (bEND5 cells) via TfR 

aptamer-modified flurbiprofen loaded micelles. Preliminary analysis of the aptamer-

conjugated micelles in phosphate buffered saline (pH 7) revealed that flurbiprofen was 
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rapidly released within the first 2 hours and continued to be released for up to 12 hours.  

Additionally, the aptamer-conjugated micelles were stable in serum and exerted no toxic 

effects on bEND5 cells. Compared to non-aptamer modified micelles, the in vitro 

delivery efficacy of flurbiprofen into bEND5 cells from TfR aptamer-conjugated micelles 

was ~40% greater. 

 Given the inherent specificity properties of aptamers, for a TfR binding aptamer 

to be useful in human applications, the selection of aptamers capable of binding to the 

human TfR was necessary. Though it is not impossible that an aptamer selected for a 

mouse variant may exhibit cross-reactivity for a human variant, the slight differences 

between the molecular composition and structure of the different receptor variants may 

eliminate binding. For these reasons, an RNA aptamer for the human transferrin receptor 

was selected and demonstrated to be readily internalized into cells.243 Moreover, the 

human TfR aptamer was conjugated to the surface of siRNA-containing stable nucleic 

acid lipid particles (TfR-SNLPs). Compared to non-aptamer controls, the TfR-SNLPs 

showed increased uptake and targeted gene-knockdown in tissue culture. An imaging 

probe was also developed from the human TfR aptamer that outperformed the anti-TfR 

monoclonal antibody control.244 Aptamers that bind to TfRs present a widely applicable 

method to facilitate the specific delivery of imaging probes, diagnostics and therapeutics 

to the brain. Ultimately, the use of TfRs binding aptamers may facilitate novel insight 

into many CNS pathologies. 
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1.4.6.2 Aptamers for other receptor related targets 

1.4.6.2.1 α-amino-3-hydroxy-5methyl-4-isoxazole propionic acid (AMPA) receptors 

 In addition to the multiple delivery applications described above, aptamers that 

bind to CNS related receptors could be used therapeutically. An attractive target for 

therapeutic aptamer intervention are AMPA (α-amino-3-hydroxy-5methyl-4-isoxazole 

propionic acid) receptors, which have been implicated in addiction and 

neurodegenerative disease.245 Aptamers have been selected for multiple subunits of the 

AMPA receptor. These aptamers were successful in inhibiting receptor function, 

exhibited neuroprotective effects, inhibited phosphorylation and were useful in 

understanding the role of phosphorylation in spatial memory and synaptic plasticity. 245–

249   

1.4.6.2.2  N-methyl-D-aspartate (NMDA) receptors 

 Another receptor involved in glutamate mediated synaptic transmission is the N-

methyl-D-aspartate (NMDA) receptor.250 Over-activation of NMDA receptors leads to 

excitotoxicity which has been associated with PD, schizophrenia, and neuropathic 

pain.250 Further, evidence suggests a role of NMDA receptors in cerebral ischemia, AD, 

dementia associated with PD, HD, and learning and memory.250 Aptamers have been 

selected that bind to GluN2A-containing NMDA receptors..250 Due to the various roles of 

glutamate receptors in CNS related maladies, these aptamers could be used to develop 

tools and interventions for multiple glutamate receptor-related disorders. 
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1.4.6.2.3 Nicotinic acetylcholine (nAChR) receptors 

 Upon activation, nicotinic acetylcholine receptors (nAChR) facilitate the 

movement of cations through receptor channels.251 The flow of ions through these 

channels results in a voltage difference across the membrane which results in signal 

transmission between nerve cells.251 nAChR are widely expressed in brain tissue, and 

have been implicated in psychiatric, neuromuscular and neurological disorders.252 Drugs 

of abuse, such as phencyclidine and cocaine are noncompetitive inhibitors of nAChRs. 

MK-801, an anticonvulsant, binds to the same site as cocaine but can also inhibit nAChR 

function. This makes nAChRs an interesting aptamer target as aptamers that bind to and 

inhibit receptor function may offer potential as a therapeutic for certain drugs of abuse 

such as cocaine. Previously, two classes of aptamers were selected to bind to 

nAChRs.251,253–256 The first class inhibited receptor function upon binding by locking the 

receptor in the closed channel conformation. The second class was able to bind to both 

the open and closed channel conformations and was also able to alleviate the inhibition of 

receptor function due to cocaine and MK-801 binding.  

1.4.6.2.4 γ-Aminobutyric acid (GABAA) receptors 

 Inhibitory neurotransmission in the CNS is mediated by the GABAA receptor. The 

importance of proper functioning of the GABAA receptor is illustrated in epilepsy where 

the affinity of GABA for the receptor as well as channel opening and closing is 

compromised.  Two classes of aptamers that bind to membrane-bound GABAA were 

selected.257 The first class of aptamers was able to inhibit receptor function. Whereas, the 

second class of aptamers was able to alleviate antiepileptic-mediated receptor inhibition. 
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Studies with these aptamers may be helpful in developing new antiepileptic drugs and 

provide valuable insight into the malfunction of the GABAA receptor in epilepsy.257 

1.4.6.2.5 Neurotrophin (TrkB) receptors 

 The neurotrophin receptor (TrkB) has been implicated in cell signaling, neuronal 

function and plasticity.258 In fact, epilepsy can be induced by over-activation of the TrkB 

receptor.258 Additionally, the abnormal function of TrkB has been associated with 

neurodegenerative diseases such as AD and Huntington’s Disease (HD).258 Aptamers 

have been selected that bind to the extracellular domain of TrkB and were studied in a 

seizure model.258 One aptamer, C4-3 acted as a partial agonist and exhibited 

neuroprotective effects when examined in cortical neurons.  

1.4.7 Interneuronal signaling controlled by aptamers 

 To understand the complex mechanism of intracellular signaling, a common 

approach is to use potent inhibitors that specifically hinder single components of 

interneuronal signaling cascades.259 As an alternative approach to the commonly 

investigated small molecule inhibitors, RNA aptamers were selected that were able to 

bind to and inhibit Erk1/2, a Mitogen-Activated Protein Kinase (MAPK).259 Erk1/2 is 

important in the molecular mechanism of learning and memory due to its role in synaptic 

plasticity.260 In this proof-of-concept study, the authors demonstrated the utility of 

aptamers to investigate intracellular signaling. Specifically this study revealed that 

aptamer-mediated inhibition of Erk1/2 stopped MAPK-dependent plasticity. Further, the 

aptamer was delivered to single hippocampal neuron cells via the patch-clamp pipette 

technique, which allowed for the analysis of aptamer-mediated inhibition and signal 
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transduction on the single cell level. Depending only on the availability of an aptamer for 

the target of interest, the approach described could be easily applied to study the specific 

role of target molecules in other signaling cascades.  

1.5 Thesis objectives 

 The general objective of the work described in the following chapters of this 

thesis were to improve aptamer selections, to select better dopamine binding aptamers 

and to use existing aptamers in novel applications.  

 Chapter 2 “A comprehensive analysis of SELEX and aptamer data from the 

Aptamer Base” describes the analysis of selection experiment data. Several experimental 

parameters including the selection library composition, the selection method, the 

selection conditions, and the affinity method were examined for their effect on the 

affinity of selected aptamers. Important conclusions drawn from this work suggest that 

contrary to the existing literature bias, the choice of either DNA or RNA leads to equally 

successful selection experiments. Additionally, trends emerged that seemed to suggest 

that out of the selection conditions considered, target type had the greatest effect on the 

success of aptamer selections. 

 The work presented in Chapter 3 “pHAST (pH-Driven Aptamer Switch for 

Thrombin) Catch-and-Release of Target Protein” focused on the development of a pH-

driven DNA nanomachine based on a thrombin binding aptamer and the pH-dependent 

A+(anti)•G(syn) base pair. Fluorescence spectroscopy, thermal denaturation, circular 

dichroism, electrophoretic gel mobility assay, and fluorescence anisotropy were used to 

characterize pH-dependent structural transition and aptamer-target binding.  
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 Chapter 4 “Intra-Accumbens Injection of a Dopamine Aptamer Abates MK-801-

Induced Cognitive Dysfunction in a model of Schizophrenia” describes the use of a 

dopamine binding aptamer to attenuate perseveration. In this work, the aptamer was 

directly injected into the nucleus accumbens of mice treated with MK-801. The aptamer 

led to a significant decrease in perseveration compared to non-aptamer treated controls. 

This was the first example where an aptamer was injected directly into the brain of live 

rodents and an aptamer-dependent effect on behaviour was observed.  

 Building on the work presented in Chapter 4, Chapter 5 “In vivo use of a multi-

DNA aptamer-based payload/targeting system to study dopamine dysregulation in the 

central nervous system” focused on the development of an aptamer-mediated transport 

vehicle to deliver dopamine-binding aptamer to the brain of live rodents. In this work, 

dopamine binding aptamer loaded liposomes were surface modified with transferrin 

receptor aptamer (DAL-TRAM). Following i.p. injection of DAL-TRAM, a reduction in 

cocaine-induced hyperlocomotion compared to controls was observed. RT-qPCR was 

performed to confirm the delivery of dopamine binding aptamer to the brain. 

 Finally, Chapter 6 “The selection of dopamine-binding aptamers for central 

nervous system related applications” described the selection and characterization of a 

novel dopamine binding aptamer, DopaA20min. The new dopamine binding aptamer 

exhibited better affinity and comparable selectivity to existing dopamine binding 

aptamers. From DopaA20min, a colourimetric aptamer-gold nanoparticle based sensor 

was developed. Additionally, the delivery of DopaA20min to the brain by aptamer-

loaded TRAM led to a marked decrease in cocaine induced hyperlocomotion. 
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2 A comprehensive analysis of SELEX and aptamer data 
from the Aptamer Base 

  

47 

 



2.1 Statement of contributions 

 The Aptamer Base was conceptualized by Maria C. DeRosa, Maureen McKeague, 

and EM McConnell from the Department of Chemistry as well as Michel Dumontier, and 

Jose Cruz-Toledo from the Department of Biology. Web pages for the Aptamer Base and 

aptamerbase.semanticscience.org were developed by J Cruz-Toledo. The data to be 

extracted and curated from published SELEX experiments were decided upon after 

extensive meetings with MC DeRosa, M McKeague, EM McConnell, J Cruz-Toledo, and 

the curation team. SELEX experiment information was curated by Michael Beking, Elyse 

Bernard, Ashley Cabecinha, Amanda Foster, Tariq Francis, Amanda Giamberardino, 

Emily Mastronardi, EM McConnell, Annamaria Ruscito, and Xueru Zhang under the 

supervision of M McKeague and J Cruz-Toledo. Additionally the following individuals 

should be acknowledged for the insightful discussions, contributions, advice and 

suggestions for the design and maintenance of the database as well as the organization 

and statistical analysis of the data: Rocio Aranda-Rodriguez, Amal Awad, Alison 

Callahan, Matthew Chan, Ben Dorion, Phuong Que Ho, Prestin Liu, Dr. Heather Shanks-

McElroy and Dr. Alexander Wahba.  

2.2 Resulting Publications 

 This work was published in Database (2012) and the Journal of Molecular 

Evolution (2015). The Database manuscript was prepared by M McKeague, J Cruz-

Toledo, M Dumontier and MC DeRosa (Cruz-Toledo, J., McKeague, M., Zhang, X., 

Giamberardino, A., McConnell, E., Francis, T., DeRosa M.C., and Dumontier, M. 

Aptamer base: a collaborative knowledge base to describe aptamers and SELEX 
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experiments. Database. 2012, Vol. 2012 Article ID bas006).261 The Journal of Molecular 

Evolution paper was an invited manuscript and was prepared by M McKeague, EM 

McConnell, MC DeRosa, and M Dumontier. M McKeague and EM McConnell 

contributed equally as co-first author. (McKeague, M., McConnell, E.M., Cruz-Toledo, 

J., Bernard, E., Foster, A., Mastronardi, E., Zhang, Z., Beking, M., Francis, T., 

Giamberardino, A., Cabecinha, A., Ruscito, A., Aranda-Rodriguez, R., Dumontier, M., 

and DeRosa, M.C. Analysis of in vitro aptamer selection parameters. Journal of 

Molecular Evolution, 2015, 81(5): 150-161).8 
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2.3 Introduction 

2.3.1 Chapter objectives 

 The objectives of this work were two-fold.  The first was to create, curate and 

maintain the Aptamer Database, a central repository that could be externally accessed and 

curated by aptamer researchers.  The second was to extract and analyze existing aptamer 

selection data for trends that may generally improve the efficiency and success of 

aptamer selections.  

2.3.2 Existing aptamer databases 

 The interactions between aptamers and their targets are complex and diverse. By 

some combination of hydrogen bonding, π-π stacking, electrostatic interactions and 

hydrophobic interactions, aptamers interact with their cognate target.262 Since aptamer 

targets range from small molecules to whole cells there is no set of rules that governs the 

rational design of an aptamer for a particular target.8 As such, the computational 

resources that can be applied to the problem of aptamer discovery are limited. Typically, 

aptamers are identified by the SELEX method (described in Chapter 1), an in vitro 

combinatorial screening approach in which aptamers for a specific target are identified 

from a pool of random oligonucleotides after multiple selection rounds. Few examples of 

aptamer derivation by non-SELEX methods exist.263–266 The SELEX method, adaptations 

and optimizations have been extensively reviewed elsewhere.161,267–273  

 Before the rational design of aptamers becomes a reality, it is necessary to 

establish an easily accessible, public-domain repository where information about SELEX 

experiments and aptamers could be stored. A comprehensive, up-to-date database would 
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enable researchers to draw meaningful conclusions from trends in existing data in order 

to streamline the aptamer selection process and potentially facilitate the design of 

aptamers from scratch. Currently, several databases exist which store various pieces of 

aptamer related information.  

The Aptamer Database contained comprehensive sequence information for 

aptamers and unnatural ribozymes, but has since been reported as no longer maintained 

(9/2014).274 The Aptamer Database evolved into the Aptagen Apta-IndexTM (Aptamer 

Database) which allows users to search for existing aptamers by antigen/target category, 

aptamer chemistry (which includes DNA, RNA, peptide, chimeric and various 

modifications), aptazyme restrictions, affinity (KD), and/or keyword. A search of the 

Apta-IndexTM by “All” target types, “All” aptamer chemistries, and no aptazyme 

restrictions returns 505 results. For each result the aptamer chemistry, target, 

antigen/target category, affinity (KD), binding conditions/buffer, sequence, length, 

molecular weight, extinction coefficient, GC content, nmoles/OD260, and µg/OD260 is 

listed. Additionally, an MFOLD predicted secondary structure, the reference to the 

original article and aptamers for related aptamer targets are shown.  

The SELEX_DB was developed to determine whether selected aptamers for 

protein targets could be used to identify novel protein-binding sites that may shed light on 

genome mutation related disease by furthering single nucleotide polymorphism 

analysis.275 Another goal of this research was to determine whether the binding domains 

evolved by in vitro selection for a particular target would be homologous to those 

occurring naturally. Information about the aim of the experiment, type of experiment, 
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experimental design and materials, experimental method and conclusions made by the 

author were entered into the database. Cross-validation of existing data allowed for 

sequence analysis and comparison to both naturally occurring genomic sites and other in 

vitro selected data.  Currently, the SELEX_DB is available at the following link: 

http://wwwmgs.bionet.nsc.ru/mgs/systems/selex/. 

In a typical SELEX experiment, fewer than 100 sequence candidates are 

identified and their binding affinity analyzed.276 The advent of high-throughput 

sequencing technology has allowed for significantly expanded data sets. Current methods 

have allowed for the technology to advance from processing thousands of sequences to 

the analysis of billions of sequences. The high-throughput (HTP) SELEX database 

(HTPSELEX) was developed to provide users access to primary experimental data 

(template, selection rounds, etc.) and sequencing data from transcription factor related 

SELEX experiments as well as derived data such as transcription factor binding sites.277 

The database was developed to serve as a repository for HTP SELEX experiments 

allowing researcher access to primary data, to improve selection methodology and to aid 

in the development of better binding site models for transcription factors. The 

HTPSELEX database is still active and contains information for over 25 different 

transcription factors. It can be accessed at http://ccg.vital-it.ch/htpselex/.  

The RiboaptDB was developed to store information about artificial ribozymes and 

apatmers.278 Like the aforementioned databases, the RiboaptDB sought to address the 

lack of information available for in vitro selected synthetic functional nucleic acids in 

general sequence databases such as GenBank, the European Molecular Biology 
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Laboratory and the DNA Data Bank of Japan. At the time of its introduction, the 

RiboaptDB was the most comprehensive aptamer database in existence. Both 

experimental (template type, experimental conditions, target type and non-canonical base 

pairs) and publication (citation) information was entered for 423 publications culminating 

in over 4212 sequences; 3842 aptamers and 370 artificial ribozymes. Currently, the 

RiboaptDB is not active.  

There are several challenges associated with maintaining an active database. 

Oftentimes highly trained personnel are required to identify and curate literature as it 

becomes available. Data entry is further complicated by inconsistent and incomplete 

information from published experiments. Further as technology evolves, the information 

that is useful to glean predictive knowledge from changes. For these reasons, it was 

necessary to develop a central, open-access repository that could be accessed and updated 

by aptamer researchers and where access was not limited to the team of researchers or 

research group that developed the database. To address this problem, the Aptamer Base 

was developed. 

2.3.3 The Aptamer Base 

 The Aptamer Base was developed to provide a central, open-access repository for 

SELEX experiment information.279 The Aptamer Base contains information from 492 

SELEX experiments published between 1990 and 2013. For each SELEX experiment, 

comprehensive details about the selection condition, selection methods, affinity 

experiments, aptamers, target, and the affinity of the aptamer-target interaction were 
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entered. From the almost 500 publications, 2334 unique aptamer sequences described as 

having affinity for 569 unique targets were described.  

2.3.3.1 Freebase as a host platform for the Aptamer Base 

 Freebase was a community-curated, openly licensed database located at 

http://www.freebase.com. It contains information on millions of topics sub-divided into 

hundreds of categories. The user-friendly interface allows non-programmers to enter data 

in a structured way so that it could be categorized (into databases) and semantically 

connected to produce meaningful, coherent relationships between individual facts. 

Technically, Freebase stores data as a series of nodes and relationships between data are 

established by linking the appropriate nodes. This non-hierarchical data structure allows 

users to extract complex data sets. In essence, the way data are structured and maintained 

in Freebase allows users to ask complex questions about the relationship between data 

sets. For example, in a typical hierarchical structure, one could search by specific 

keyword(s) such as “aptamer” but with the non-hierarchical structure Freebase uses, users 

can ask “what are all of the aptamers that bind to small molecule targets”. The Aptamer 

Base (http://www.freebase.com/base/aptamer) was established as a collection of data 

linking SELEX experiment and aptamer data expertly curated from published literature 

that could be queried to ask complex questions about aptamers and their physical 

properties, SELEX experiments, aptamer-target interactions, affinity experiments and 

aptamer-target affinity. Freebase is currently available as read-only as the data are 

permanently transferred to Wikidata, a free linked database for the storage of structured 
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data. Once the data becomes publically available, users should be able to access the 

structured data for analysis purposes. 

2.3.3.2 The Aptamer Base Data model 

 To describe the organization of the data model upon which the Aptamer Base was 

established it is necessary to define the following terms; base, topic, type. The term base 

refers to a collection of topics. The Aptamer Base specifically contains information on 

aptamers and the molecular interactions which result in a dissociation constant. A topic is 

a collection of data. In this case, topics represent specific objects such as an aptamer, 

which has characteristics that can be described by types. Types are used to specify the 

properties of a topic. For instance, an aptamer (topic) could be either DNA or RNA 

(type).  

 Generally the information entered into the database for each SELEX experiment 

is described in Figure 2.1. The SELEX experiment topic is created and is described to 

have an interaction as an experimental outcome. The interaction represents every aptamer 

that has an associated dissociation constant. The number of interactions is dependent on 

the number of aptamers that have associated dissociation constants described, therefore if 

the experiment describes 3 aptamers, each with their own dissociation constant, 3 

pairwise-type interactions are created. If a group of aptamers are described by a single 

dissociation constant, or a range of values, this group of aptamers would be typed as a 

collective interaction. Affinity experiments are used to confirm the interactions of the 

SELEX experiment. The experimental outcome of an affinity experiment is a dissociation 

constant, a numeric value that describes the affinity of a given interaction.  
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 The selection conditions were entered under a separate topic linked to the SELEX 

experiment. Researchers can gain insight from trends in selection conditions for the 

design of future selections. The selection conditions entered into the database were as 

follows; the number of selection rounds, the template sequence, template length, the total 

length of the random region (which was cumulative if the template contained more than 

one random region), and whether or not a template bias existed. Template bias refers to 

the intentional bias towards one or more nucleotides (A,C,G or T/U) in the random 

region. For example, if a researcher wanted to bias their selection towards selecting 

aptamers able to form a G-quadruplex secondary structure, a higher proportion of G 

would have been used in the synthesis of the pool resulting in a G-rich template bias.  

The physical properties of aptamers are significantly impacted by their 

environment. For this reason, details of the selection buffer were entered for each SELEX 

experiment. The buffering agent used (see Appendix 2.1), the solution pH, the ionic 

strength and the selection temperature (°C) were included. 
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often times the affinity as evaluated in one testing paradigm was not reflective of the 

affinity displayed in a different testing method. For this reason, researchers started to 

evaluate aptamer affinity by multiple affinity methods. The data model intrinsically 

accommodates the linking of multiple affinity experiments to a particular interactions and 

so multiple KDs determined by multiple methods could be linked to a specific aptamer.    

 Due to the decreased cost and relative ease of synthesis of shorter 

oligonucleotides, researchers often seek to decrease the original aptamer’s size by 

eliminating non-essential nucleobases while maintaining equivalent or better binding 

affinity. This process results in what is called a minimal aptamer. The Aptamer Base 

allows minimal aptamers to be linked to their ancestral aptamers as illustrated in Figure 

2.5. 
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‘minimal aptamer’ the relationship between the derivative minimal aptamer and the 

ancestral aptamer is established.  

2.4 Experimental methods 

2.4.1 Curating SELEX experiment data 

 Criteria for a SELEX experiment to be entered into the Aptamer Base stated that 

for an aptamer-target interaction to be properly described it must have been associated 

with a dissociation constant. PubMed was used to search published literature using the 

keywords ‘SELEX’ or ‘aptamer’. Articles that contained these terms in either the abstract 

or title were identified as potential SELEX experiments. These articles were manually 

screened by a team of expert graduate students with specific experience in aptamer and 

SELEX research. Articles that contained a unique SELEX experiment and described 

aptamers and associated dissociation constants were analyzed and the necessary 

information was extracted for database entry. Articles that did not contain a SELEX 

experiment, described a new application for an existing aptamer, further characterized or 

modified existing aptamers, review papers and those describing the selection of peptide 

aptamers or ribozymes were excluded.  

 To ensure consistent and accurate data entry a user guide was prepared and 

curators were given formalized training. The Freebase Aptamer Base User Guide was 

prepared by J Cruz-Toledo, M McKeague, M Chan, and M Dumontier and is reprinted in 

Appendix 2. Originally, curators entered data directly into Freebase. A comprehensive 

naming system was developed in which the PMID was used as a unique identifier for 
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each SELEX experiment. This is shown throughout section 2.3.3.2 in the form of the 

RNA aptamer for dopamine example and is detailed in Appendix 2.  

2.4.2 Accessing and querying data from the Aptamer Base 

 The Metaweb Query Language in conjunction with Freebase’s application 

programming interface (API) was used to access the data from the Aptamer Base. This 

method allows users to query complex questions. The Aptamer Base was queried by J 

Cruz-Toledo using a suite of java 1.6 programs developed to implement Google’s Java 

API clients (http://code.google.com/p/google-api-java-client/).  

2.4.3 Data analysis 

 For every SELEX experiment entered into the Aptamer Base, one or multiple 

aptamer sequences with an associated dissociation constant were reported. Typically, a 

selection will yield multiple sequences with a range of reported dissociation constants 

that describe the affinity of a sequence for its cognate target. Unless otherwise noted, for 

the purposes of investigating affinity-dependent trends, only the aptamer with the best 

affinity (lowest dissociation constant) was considered. Some exceptions where it was 

appropriate to include all data for aptamer sequences existed.  

2.4.4 Statistical analysis 

 A number of statistical tests were conducted to examine the significance of the 

presented data. When necessary, the equality of variance was evaluated by either 

Levene’s or Barlett’s test. The mean Log10(KD) or the mean rank of the Log10(KD) were 

examined using the parametric One-Way ANOVA or non-parametric Kruskal-Wallis 

Rank-Sum test respectively. In the cases where a significant difference between groups 
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was revealed, those differences were examined using either the Tukey’s honest 

significant difference (HSD) or the Mann-Whitney U test. Linear regression was used to 

identify correlational relationships between the affinity (Log10(KD)) and the variable of 

interest (nucleic acid type, temperature, pH, etc.). 
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2.5 Results and discussion 

 The architecture of the Aptamer Base allows researchers to ask complex questions 

about the relationship between multiple parameters. As a preliminary analysis, the 

purpose of this work was to investigate the relationship between affinity and multiple 

user-defined parameters. Since a high affinity aptamer is often the desired outcome of a 

successful selection, affinity-based trends were investigated.  

2.5.1 Library design 

 The library is the starting point of aptamer selections. The first important decision 

is the type of nucleic acid employed. DNA affords increased stability but RNA may offer 

more diverse secondary structure.32 Typically, the nucleic acid based template contains a 

random region of variable lengths flanked by known primer regions. There are a few 

notable exceptions where templates were designed to reduce the potential influence of the 

primer regions by decreasing the size of primer regions to completely eliminating the 

primer region from the template.281 When designing the template there are two major 

considerations. The first is that the template is long enough to provide sequences able to 

form stable, complex secondary structures.282 The second consideration is that the 

template is short enough that a greater proportion of the theoretical sequence space can be 

accessed during the selection.283 Shorter templates are also desirable due to practical 

reasons such as ease and cost of synthesis. Finally, the researcher must consider the 

nucleobase composition of the library. The composition can be controlled to bias the 

selection towards a particular base. For instance, a G-rich library may yield aptamers 

more likely to form stable G-quadruplex secondary structures. 
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Aranda-Rodriguez, R.; Dumontier, M.; DeRosa, M. C. Analysis of in vitro selection 
parameters. J. Mol. Evol. 2015, 81 (5), 150. Copyright Springer 2015. 

There was a clear bias toward the use of RNA (turquoise) templates prior to the year of 

2007 and then the frequency of use started to decrease. The use of DNA (pink) templates 

was relatively steady until the publication year 2004 and then started to quickly increase. 

This trend was further investigated by comparing the percentage of DNA and RNA based 

selections from 1990-2007 and then from 2008 to 2013 (shown in Figure 2.6 B). When 

all years are considered the distribution of DNA vs. RNA templates is ~50% for each. 

However, there was a drastic shift observed when the percentage of DNA vs. RNA 

templates used was compared as date range based subpopulations. Prior to 2007, ~70% of 

selection templates were RNA. In the following years, RNA template use decreased to 

only 30% and DNA template use was ~70%.  

Early aptamer selections were almost exclusively based on RNA templates due to 

the belief that RNA, compared to DNA, could fold into much more stable complex 

secondary structures.3 The base composition of DNA and RNA vary by the inclusion of 

either thymine or uracil respectively. Additionally, DNA and RNA differ by the absence 

or presence of a 2’-hydroxyl on the sugar of the backbone.32,284 When the 2’-hydroxyl is 

present in RNA, the resulting double helical structure is A-form.285 In DNA, where the 

2’-hydroxyl is absent, the resulting double helical structure is typically B-form.284,285 

These differences in structure result in differences in the physical properties of the 

nucleic acid molecule including the groove width (major and minor), the rise per base 

pair, the average axial diameter and the twist angle of the structure.284 RNA is able to 

form more stable secondary structures than single-stranded DNA, however, DNA is less 
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susceptible to nuclease degradation.286,287 Given the increased stability against nucleases 

of DNA over RNA due to the lack of 2’-hydroxyl group in the deoxyribose sugar of the 

DNA backbone, DNA was investigated for its potential in aptamer selections. Soon after 

the initial aptamer studies, several groups reported the in vitro selection of DNA aptamers 

that had high affinity for their cognate targets.288 Further, experimental evidence 

suggested that DNA aptamers were in fact capable of forming complex secondary and 

tertiary structures comparable to RNA.284,288 However, because of the inherent structural 

differences, RNA and DNA with comparable sequences often times neither form 

comparable secondary structures nor maintain their similar functionalities, though some 

notable exceptions exist. 60,284,289,290 One such example is the DNA homolog of the RNA 

aptamer for the neurotransmitter dopamine.284 In this case, the RNA aptamer sequence 

was converted into DNA. The resulting DNA aptamer has a similar predicted secondary 

structure as the RNA aptamer and also maintained its affinity for the target, dopamine. 

More commonly, examples where separate DNA and RNA selections lead to comparable 

affinities exist. For example both DNA and RNA aptamers for tetracycline, ATP, and 

kanamycin that have similar affinities for their targets have been selected.291 As the 

experimental evidence to support DNA aptamers emerged the frequency of DNA aptamer 

templates increased. 

 With sufficient evidence that both DNA and RNA offer viable templates for 

aptamer selection, further investigation concentrated on whether either nucleic acid type 

led to increased affinity compared to the other. Figure 2.7 shows the histograms of DNA 

vs. RNA sorted based on the number of observations (count) vs the Log10(KD). Values 
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were sorted into a bin based on their second decimal place. For example, an observation 

was assigned to the -8 bin if it ranged from a Log10(KD) of -7.50 to -8.49.   

 

Figure 2.7: Affinity of DNA (pink) versus RNA (turquoise) aptamers. The 
distribution of the highest affinity aptamers reported, represented by the Log10(KD). 
Figure reprinted with permission of Springer from McKeague, M.; McConnell, E. 
M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; Mastronardi, E.; Zhang, X.; Beking, 
M.; Francis, T.; Giamberardino, A.; Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, 
R.; Dumontier, M.; DeRosa, M. C. Analysis of in vitro selection parameters. J. Mol. 
Evol. 2015, 81 (5), 150. Copyright Springer 2015. 

A t-test was run to determine whether there was a significant difference between the 

mean Log10(KD) of DNA (n=185) vs. RNA (n=189) aptamers. The mean Log10(KD) was -

7.48+/-2.58 and -7.54+/-1.56 for RNA and DNA respectively. There was no significant 

difference (p=0.69) observed between the mean Log10(KD), suggesting neither DNA nor 

RNA lead to increased affinity compared to the other nucleic acid type.  

 Several strategies have been developed to compensate for the instability of RNA 

based on the presence of the 2’-hydroxyl of the ribose sugar in the RNA backbone. 
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Examples such as modified nucleotides and modifications to the backbone have also been 

incorporated in DNA based selections to improve chemical stability and protect against 

nuclease degradation. The incorporation of modified nucleotides into SELEX methods 

was reviewed previously.292,293 As more selections are performed with modified 

nucleotides it would be interesting to compare the affinity of the aptamers selected by 

these methods and see if these modifications lead to nucleic acid type specific trends.  

2.5.1.2 Template length 

Aptamers have been successfully selected using templates with random regions ranging 

in size from as small as 22 nucleotides to as long as 228 nucleotides.294,295 Though the 

random region length (length of N) of a template has generally been arbitrarily chosen, 

the most common random region length ranges from N40 to N70.296 The distribution of 

library length of DNA vs RNA templates is shown in Figure 2.8. There is no bias in the 

distribution observed in template length for either DNA or RNA where both nucleic acid 

types had libraries ranging in size from 10-150 nucleotides with some notable exceptions 

at 160-170 for RNA and 270-280 for DNA.  
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Figure 2.8: Distribution of sequence length for DNA (pink) versus RNA (turquoise) 
based selection experiments. An overlay of the distribution of the random region (of 
the pool template) length is shown. Sequence length is represented by number of 
nucleotides (nt). Figure reprinted with permission of Springer from McKeague, M.; 
McConnell, E. M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; Mastronardi, E.; 
Zhang, X.; Beking, M.; Francis, T.; Giamberardino, A.; Cabecinha, A.; Ruscito, A.; 
Aranda-Rodriguez, R.; Dumontier, M.; DeRosa, M. C. Analysis of in vitro selection 
parameters. J. Mol. Evol. 2015, 81 (5), 150. Copyright Springer 2015. 

 

Template length is an important variable to consider because the length of the 

random region is related to the sequence space. Most selections start with ~200 pmol of 

DNA which translates to ~1014-1016 molecules depending on the size of the template. 

Since traditional templates were designed with 4 different nucleobases, theoretically 

given a random region, N, each pool can have 4N potentially unique molecules. This is 

referred to as the sequence space.296 The relationship between template length and 

sequence space is shown in Figure 2.9. As an example to contrast the disparity between 
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Figure 2.10: Linear regression analysis of template length vs. affinity (Log10(KD)). 
The best affinity aptamers from selection experiments between the years 1990-2013 
are shown. Figure reprinted with permission of Springer from McKeague, M.; 
McConnell, E. M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; Mastronardi, E.; 
Zhang, X.; Beking, M.; Francis, T.; Giamberardino, A.; Cabecinha, A.; Ruscito, A.; 
Aranda-Rodriguez, R.; Dumontier, M.; DeRosa, M. C. Analysis of in vitro selection 
parameters. J. Mol. Evol. 2015, 81 (5), 150. Copyright Springer 2015. 

There was no significant correlation (R=0.01) observed between template length and 

affinity. This result is not surprising considering it encompasses template lengths for both 

nucleic acid types and all aptamer targets. Given the diversity in the physical and 

chemical properties of aptamer targets, it is likely that an appropriate template length for 

one nucleic acid type or target type would not be appropriate for another.  Legiewicz et 

al., (2005) selected aptamers for isoleucine from an RNA library with random regions of 

variable length from 16-90 nucleotides.297 Their work showed that random regions of 

length 50 or 70 were optimal for their target, a small molecule. Recall the discussion of 

riboswitches in section 1.3.2. The small molecule-binding aptamer domains within 

riboswitches tend to have lengths ranging in size from ~70-170 nucleotides.298 This 
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precedence suggests that smaller target types may require longer, more structurally 

complex templates than that which is required for larger molecules. Smaller template 

lengths may still be appropriate for other target types, for instance proteins, that are much 

larger and in most cases more chemically complex than small molecules.  

Evidence to merit an investigation of this hypothesis is shown in Figure 2.8. 

Interestingly, for both nucleic acid types there seems to be a bimodal distribution 

centered on 40 and 80 nucleotide lengths. To investigate this hypothesis, the relationship 

between template length and affinity (Log10(KD)) between both nucleic acid type and 

target type was examined. The results are summarized in Table 2.1. 

Table 2.1: Correlation between template length and aptamer dissociation constant 
(KD) by nucleic acid type and target type. Table reproduced with permission of 
Springer from McKeague, M.; McConnell, E. M.; Cruz-Toledo, J.; Bernard, E. D.; 
Pach, A.; Mastronardi, E.; Zhang, X.; Beking, M.; Francis, T.; Giamberardino, A.; 
Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, R.; Dumontier, M.; DeRosa, M. C. 
Analysis of in vitro selection parameters. J. Mol. Evol. 2015, 81 (5), 150. Copyright 
Springer 2015. 

Nucleic acid type Slope of linear 
regression trendline 

r2 R Significant at 
R=0.50 

RNA 0.012 0.035 0.19 No 

DNA 0.008 0.068 0.26 No 

Target type 

Peptide 0.041 0.252 0.50 Yes 

Virus 0.028 0.188 0.43 No 

Carbohydrate -0.053 0.248 0.50 Yes 

 

Consistent with the results shown in Figure 2.10, there were no significant correlations 

observed between the template length and affinity for DNA compared to RNA aptamers. 
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Interestingly, though not significant, there was a relatively stronger correlation between 

template length and affinity for DNA (R=0.26) than for RNA (R=0.19). More interesting 

trends started to emerge when the relationship between template length and affinity 

between target types was examined. Significant positive and negative correlations were 

observed for peptide and carbohydrate targets (R=0.50) respectively, and the positive 

correlation for virus targets was approaching significance (R=0.43). These results suggest 

that there is a correlation between affinity and template length for different target types. 

These results can be interpreted to mean that for peptide and virus targets, a smaller 

template length would lead to better affinity aptamers. On the contrary, for carbohydrate 

targets, longer templates would be required to produce higher affinity aptamers. Though 

it is not clear what may cause these trends to exist, further experimental analysis may 

provide insight into the effect that size, structure, and specific functional groups on the 

target molecule have on the preference of a particular template length. It is also important 

to consider that perhaps the specific sequence and the resultant secondary structure has a 

more important influence on binding affinity than the template length. Until more 

conclusive evidence is presented, the variable of template length could be controlled for 

by employing a selection pool with multiple template lengths. Work has been done where 

the functionality of deoxyribozymes was shown to be dependent on template length. 

Selections for deoxyribozymes with shorter templates led to increased activity over those 

derived from selections with longer template lengths.296 
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2.5.1.3 Library composition 

 One of the structural properties that affects the final functionality and structure of 

an aptamer is the base composition of the sequence. By extension, the base composition 

of the template library is a parameter than can be controlled to manipulate selection 

outcomes. Some work has been done to examine the effect of introducing template bias 

for the purpose of favouring one structure over another.32,37,299–302 For example, RNA 

libraries were designed to contain G-quartet forming domains.301,302 The G-quadruplex is 

a common secondary structure, in fact several G-quadruplex forming aptamers have been 

explored for use in various therapeutic and sensor applications.303–305 

 Previously the Ellington group examined the base composition of RNA aptamers 

and ribozymes of a data set from 1990-2004. A slight statistical skew towards higher G 

and C base compositions was revealed for RNA aptamers and ribozymes compared to the 

expected equal distribution of truly random sequences.274 To examine whether this trend 

was also observed with DNA aptamers, a subset of data for DNA and RNA aptamers 

from 1990-2012 was analyzed. The base frequencies (calculated with respect to the 

sequence length) for DNA and RNA aptamers are shown in Figure 2.11. 
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The linear regression analysis for RNA and DNA are shown in Figure 2.12 and Figure 

2.13 respectively. 

 

Figure 2.12: Linear regression analysis of affinity versus % base content for RNA 
aptamers selected between the years of 1990-2012. The %G (orange) and %C 
(purple) contents (top) and %A (green) and %U (red) contents (bottom) are shown. 
Figure reprinted with permission of Springer from McKeague, M.; McConnell, E. 
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M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; Mastronardi, E.; Zhang, X.; Beking, 
M.; Francis, T.; Giamberardino, A.; Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, 
R.; Dumontier, M.; DeRosa, M. C. Analysis of in vitro selection parameters. J. Mol. 
Evol. 2015, 81 (5), 150. Copyright Springer 2015. 

 

 

Figure 2.13: Linear regression analysis of affinity versus % base content of DNA 
aptamers selected between the years 1990-2012. The %G (orange) and %C (purple) 
contents (Top) and %A (green) and %T (red) contents (bottom) are shown. Figure 
reprinted with permission of Springer from McKeague, M.; McConnell, E. M.; 
Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; Mastronardi, E.; Zhang, X.; Beking, M.; 
Francis, T.; Giamberardino, A.; Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, R.; 

80 

 



Dumontier, M.; DeRosa, M. C. Analysis of in vitro selection parameters. J. Mol. 
Evol. 2015, 81 (5), 150. Copyright Springer 2015. 

 

There were no significant correlations revealed, however the directionality of the linear 

regression trendline was examined to determine if any preliminary trends existed 

suggesting a bias toward a particular base resulted in increased aptamer affinity. Very 

weak positive correlations were observed for the percent G (R=0.09) and percent A 

(R=0.06) content of RNA aptamers which suggests that RNA aptamers with lower G and 

A percent contents actually led to higher affinity aptamers. Interestingly, RNA aptamers 

with higher percent base contents for C and U (R=0.05 and 0.10 respectively) led to 

better affinities. DNA aptamers that had higher C (R=0.13), A (R=0.19) and T (R=0.19) 

percent base contents tended to have lower affinities (higher KDs) than DNA aptamers 

where the percent base content approached near random percent composition. 

Interestingly for DNA aptamers, though the frequency of G was high, linear regression 

analysis revealed that sequences with higher percent G content actually tended to exhibit 

lower affinity that DNA aptamers with lower G content (R=0.35). Given the commonness 

of G-quadruplexes as a secondary structure the correlation between percent G content and 

aptamer affinity may seem surprising; however there are several factors that could have 

skewed the trend. For instance, these data contain affinity information for all target types. 

Since target types vary greatly in size and physical properties it is likely that a bias 

towards one base may be effective in increasing affinity for one target type but 

disadvantageous for another target type. As a preliminary investigation, the percent G 

content of DNA aptamers for different target types (small molecules and proteins) versus 
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affinity of a subset of data from 1990-2012 was examined by linear regression. The 

results are shown in Figure 2.14.  

 

Figure 2.14: %G content of DNA aptamers for small molecules (left) compared to 
protein (right) targets. Linear regression analysis was performed on data from the 
years 1990-2012. Figure reprinted with permission of Springer from McKeague, M.; 
McConnell, E. M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; Mastronardi, E.; 
Zhang, X.; Beking, M.; Francis, T.; Giamberardino, A.; Cabecinha, A.; Ruscito, A.; 
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Aranda-Rodriguez, R.; Dumontier, M.; DeRosa, M. C. Analysis of in vitro selection 
parameters. J. Mol. Evol. 2015, 81 (5), 150. Copyright Springer 2015. 

 

As predicted, the trends in percent G content versus affinity for aptamers selected for 

small molecule versus protein targets were different. Aptamers selected for small 

molecule targets had increased affinity with increased percent G content (R=0.31). 

Conversely, the affinity of aptamers selected for protein targets decreased with increasing 

percent G content (R=0.20). 

 Another factor to consider with respect to base composition is stability of 

potential base pairs. The stability of the aptamer secondary structure is due largely to the 

stability of the base pairing. For this reason the relationship between percent GC base 

content and percent AT base content compared to aptamer affinity was examined for a 

subset of data from 1990-2012. The results for DNA and RNA are shown in Figure 2.15 

and Figure 2.16 respectively.  

83 

 



 

Figure 2.15: Combined %GC (left) and %AT (right) content for DNA. Linear 
regression analysis was performed on data collected between the years of 1990-2012. 
Figure reprinted with permission of Springer from McKeague, M.; McConnell, E. 
M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; Mastronardi, E.; Zhang, X.; Beking, 
M.; Francis, T.; Giamberardino, A.; Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, 
R.; Dumontier, M.; DeRosa, M. C. Analysis of in vitro selection parameters. J. Mol. 
Evol. 2015, 81 (5), 150. Copyright Springer 2015. 
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Figure 2.16: Combined %GC (left) and %AT (right) content for RNA. Linear 
regression analysis was performed on data collected between the years of 1990-2012. 
Figure reprinted with permission of Springer from McKeague, M.; McConnell, E. 
M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; Mastronardi, E.; Zhang, X.; Beking, 
M.; Francis, T.; Giamberardino, A.; Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, 
R.; Dumontier, M.; DeRosa, M. C. Analysis of in vitro selection parameters. J. Mol. 
Evol. 2015, 81 (5), 150. Copyright Springer 2015. 
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From the distribution of percent GC and AT content it is clear that GC content is often 

elevated in both DNA and RNA aptamers with the majority of the distribution falling 

between 40% and 70%, whereas AT content ranges from 30% to 60%. The trends were 

more pronounced in DNA than RNA however, no significant correlations were observed. 

For both DNA and RNA, percent GC content versus aptamer affinity showed a slight 

positive correlation (R=0.34 and R=0.04 respectively) suggesting that higher affinity 

aptamers contain lower percent GC content. On the contrary, for both DNA and RNA 

percent AT content versus aptamer affinity showed weakly negative correlations (R=0.30 

and R=0.02 respectively), suggesting higher AT content leads to better affinity aptamers.  

 The percent GC content compared to the aptamer affinity from a sample of the 

best aptamer candidates per selection (Figure 2.17) was analyzed to determine if more 

significant trends would emerge if only the best binders were analyzed.  

 

Figure 2.17: Linear regression analysis of the %GC content for the best aptamer 
versus aptamer affinity (Log10(KD)). Figure reprinted with permission of Springer 
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from McKeague, M.; McConnell, E. M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; 
Mastronardi, E.; Zhang, X.; Beking, M.; Francis, T.; Giamberardino, A.; 
Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, R.; Dumontier, M.; DeRosa, M. C. 
Analysis of in vitro selection parameters. J. Mol. Evol. 2015, 81 (5), 150. Copyright 
Springer 2015. 

 

There was no significant correlation between the GC content of the best aptamer and 

aptamer affinity revealed (R=0.15).  

Despite the surprising results that increased GC content does not lead to increased 

aptamer affinity our data did confirm the trend in the literature that aptamers tend to be 

GC rich (Figure 2.18).  

 

Figure 2.18: Distribution of %GC content of all aptamers (1990-2012). Figure 
reprinted with permission of Springer from McKeague, M.; McConnell, E. M.; 
Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; Mastronardi, E.; Zhang, X.; Beking, M.; 
Francis, T.; Giamberardino, A.; Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, R.; 
Dumontier, M.; DeRosa, M. C. Analysis of in vitro selection parameters. J. Mol. 
Evol. 2015, 81 (5), 150. Copyright Springer 2015. 
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Of the aptamers examined, the highest population had a 50-55% GC content. 

Interestingly, when the best aptamer candidates were examined by %GC content 

distribution, the peak percent GC content shifted to 65-70%, suggesting that for some 

reason, the percent GC content of the best aptamer candidates is enriched compared to all 

aptamer candidates. Further analysis will be required to determine why this may be the 

case.  An important consideration that may skew this trend is the proportionate 

overabundance of G-quadruplex containing aptamers. The presence of this common 

secondary motif would explain an increased percent G and by extension percent GC 

content. Further analysis should examine whether the observed trends is skewed by the 

presence of G-quadruplexes or if G-content is also elevated in secondary structures 

distinct from G-quadruplexes. Interesting trends may also emerge from future work 

examining the relationship between the library composition (base composition, structural 

bias) and aptamer affinity. Additionally, analysis at the level of different target types may 

yield more interesting and significant trends.  

2.5.2 Aptamer target 

 Aptamers have been selected for a diverse set of target types, therefore useful 

knowledge may be elucidated from the analysis of the relationship between target type 

and aptamer affinity. The occurrence of aptamers selected for various target types 

between the years 1990-2013 is displayed in Figure 2.19.  
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Figure 2.19: A) Percentage of aptamers selected sorted by target type. B) 
Occurrence of target type for aptamer selections. Data for both figures encompasses 
selections from 1990-2013. Figure reprinted with permission of Springer from 
McKeague, M.; McConnell, E. M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; 
Mastronardi, E.; Zhang, X.; Beking, M.; Francis, T.; Giamberardino, A.; 
Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, R.; Dumontier, M.; DeRosa, M. C. 
Analysis of in vitro selection parameters. J. Mol. Evol. 2015, 81 (5), 150. Copyright 
Springer 2015. 

 

From the data shown in Figure 2.19 A, it is evident that the majority of selections from 

1990-2013 were for protein targets, followed by the second most common target, small 

molecules. As selection methods have evolved, the number of target types has increased. 

Figure 2.19 B, a stacked bar graph of target type by year shows the diversification of 

target type over time; for example, in 1990 selections were for either protein or small 

molecule targets, by 2013 targets had expanded to include viruses and whole cells. The 

motivation to further analyze the relationship between affinity and target type stemmed 

from the observation that there was a stronger correlation between the library template 

length and the dissociation constant for different target types, as observed between 
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peptide and carbohydrate targets in Table 2.1. Work  was also done by Carothers et al. 

(2010) that provided an experimental example of another target dependent relationship.306 

Carothers et al., (2010) examined the relationship between aptamer affinity and the 

structure and size of the aptamer target.306 Their work revealed that aptamer affinity was 

in fact proportional to the molecular weight of the target such that aptamers selected for 

larger targets had lower dissociation constant values.  

 For these reasons, the affinity of aptamers selected for the target types shown in 

Figure 2.19 were examined to determine if there was a significant difference between 

each target type. The mean Log10(KD) for each target type is presented in Figure 2.20. 

Statistical analysis by the Kruskal-Wallis test of the data revealed a significant difference 

in the mean Log10(KD) between at least two different target types (p<<0.05). Post-hoc 

analysis by pairwise Mann-Whitney-U test confirmed Carothers et al.’s findings. The 

mean rank of mean Log10(KD) of the aptamers selected for small molecule targets was 

significantly lower than all other target groups (results in Table 2.2) suggesting that the 

affinities of aptamers selected for small molecules may be lower than the other target 

types examined. 
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Figure 2.20: Mean affinity (Log10(KD)) of selected aptamers for different target 
types. Error bars represent standard deviation. Figure reprinted with permission of 
Springer from McKeague, M.; McConnell, E. M.; Cruz-Toledo, J.; Bernard, E. D.; 
Pach, A.; Mastronardi, E.; Zhang, X.; Beking, M.; Francis, T.; Giamberardino, A.; 
Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, R.; Dumontier, M.; DeRosa, M. C. 
Analysis of in vitro selection parameters. J. Mol. Evol. 2015, 81 (5), 150. Copyright 
Springer 2015. 
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Table 2.2: Summary of results from the pairwise Mann-Whitney-U test. Each target 
type was compared to small molecules. Significance was described at (α=0.05) and is 
indicated by an *. Table reproduced with permission of Springer from McKeague, 
M.; McConnell, E. M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; Mastronardi, E.; 
Zhang, X.; Beking, M.; Francis, T.; Giamberardino, A.; Cabecinha, A.; Ruscito, A.; 
Aranda-Rodriguez, R.; Dumontier, M.; DeRosa, M. C. Analysis of in vitro selection 
parameters. J. Mol. Evol. 2015, 81 (5), 150. Copyright Springer 2015. 

Pairwise comparison p-value 
(α=0.05) 

Sample size (n) 

Small Molecule and Cell 4.10E-08* 103 vs 31 

Small Molecule and Nucleic 
Acid 

2.40E-02* 103 vs 17 

Small Molecule and Peptide 6.10E-05* 103 vs 21 

Small Molecule and Protein < 2e-16* 103 vs 255 

Small Molecule and Virus 6.80E-02 103 vs 9 

 
A large discrepancy between the sample sizes of each group existed and therefore may 

have skewed the results. As such, additional data will be required before more accurate 

trends can be reported.   

2.5.3 Selection conditions 

 There are multiple examples from the literature of selection conditions 

influencing the affinity of an aptamer and therefore the relationship between selection 

conditions (metal cation concentration, buffering agent of selection buffer, pH and 

temperature) and the affinity of aptamers was examined.  These data are presented to 

complement existing aptamer-specific experimental data. There are select sets of 

aptamers that are typically used in proof of concept studies and as such are well 

characterized. Comparative examples of the effect of altering a specific selection 

92 

 



condition on the affinity of an aptamer were drawn from studies investigating these 

aptamers.306–309   

2.5.3.1 Metal cation concentration 

 The secondary structure and stability, and by extension the affinity of selected 

aptamers can be affected by the presence and concentration of metal cations. Since 

nucleic acids have a negative backbone, increasing the concentration of metal cations can 

results in shielding of the negative charge which therefore neutralizes the backbone and 

eliminates potential electrostatic interaction sites for target binding.307 In a similar way, 

the charge of the target may be affected by metal cation concentration. Additionally some 

targets, such as proteins, may exhibit metal cation concentration dependent aggregation. 

Both of these may lead to decreased aptamer-target affinity. The secondary structure of 

aptamers can also be affected by variations in ion content and concentration. For 

instance, an ion-dependent secondary structural transition may occur where an active 

aptamer conformation is able to bind a target in the presence of a particular metal cation, 

but affinity is substantially diminished or even eliminated due to the ion-dependent 

structural transition of the aptamer to an inactive non-binding conformation. There are in 

fact sensor designs that utilize this property of aptamers.310  

 The relationship between Mg2+, Na+, and K+ and the KD were independently 

investigated to determine whether there was a global trend between metal cation 

concentration of the selection buffer and the affinity of selected aptamers. The role of 

metal cation concentration on affinity between different types of nucleic acids as well as 
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different target types was examined by plotting the Log10(cation concentration) against 

the Log10(KD). The results of the linear regression analysis are summarized in Table 2.3. 

Table 2.3: The correlation (represented by the correlation coefficient, R) and slope 
of the linear regression trendline (m) of Log10(cation concentration) and Log10(KD) 
for individual cations. Table reproduced with permission of Springer from 
McKeague, M.; McConnell, E. M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; 
Mastronardi, E.; Zhang, X.; Beking, M.; Francis, T.; Giamberardino, A.; 
Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, R.; Dumontier, M.; DeRosa, M. C. 
Analysis of in vitro selection parameters. J. Mol. Evol. 2015, 81 (5), 150. Copyright 
Springer 2015. 

Nucleic acid type Mg2+ Na+ K+ 

RNA R=0.38; m=1.5 R=0.48; m=2.8 R=0.21; m=0.34 

DNA R=0.21; m=0.66 R=0.06; m=0.25 R=0.06; m=0.12 

Target Type  

Small Molecule R=0.43; m= 1.5 R=0.46; m=2.2 R=0.39; m=0.62 

Virus R=0.88*; m=2.5 R=1.00*; m=-3.7 (n/a) 

Peptide R=0.58*; m=2.2 (n/a) (n/a) 

Carbohydrate (n/a) R=0.38; m=4.1 (n/a) 

* indicates significant correlation (significance at R > 0.50) 

Linear regression analysis revealed that there was no significant correlation between the 

metal cation concentration of the selection buffer and the affinity for different nucleic 

acids types. There were however some interesting preliminary trends in the data that 

warrant further investigation when more data are available. In general a stronger 

correlation existed between the metal cation concentration and affinity of RNA than for 

DNA. Furthermore, upon comparison between metal cations of the RNA group, a 

stronger correlation existed for the concentration of Na+ and affinity than for either Mg2+ 

or K+. Upon examination of the DNA group, a very weak correlation was observed 
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between metal cation concentration and affinity for Mg2+ however almost no correlation 

was observed for either Na+ or K+. In all cases, the correlations were positive, suggesting 

that higher affinity aptamers were selected in the presence of lower metal cation 

concentrations.  

 Aptamer-target binding is dependent on the intermolecular interactions that exist 

between the two components of the aptamer-target complex. The potential intermolecular 

interactions depend largely on the target type. Different target types are characterized by 

different physical properties such as size, polarity, charge, hydrophobicity, and chemical 

composition. The effect of these different properties on aptamer-target interactions has 

been examined experimentally by Carothers et al. (2010).306 Though data were limited, to 

begin to investigate these trends linear regression analysis was used to determine whether 

or not a correlation existed between metal cation concentration and the affinity of 

different target types (Table 2.3).  

 In general, stronger correlations between the aptamer affinity and metal cation 

concentration for different target types than for different nucleic acid types were 

observed. Generally, these data can be interpreted to suggest that researchers should 

choose metal cation concentrations for their selection buffer with more consideration for 

the target type than the nucleic acid type. Upon examination of the target type data there 

were no significant correlations revealed between aptamer affinity and metal cation 

concentrations for small molecule targets. Interestingly, significant positive correlations 

were revealed between aptamer affinity and Mg2+ concentration for both peptide and 
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virus target types. Selections for these target types may yield better affinity aptamers if 

lower concentrations of Mg2+ cations are used in the selection buffer. 

 The trends revealed from this data analysis are consistent with experimental 

evidence from studies using model aptamers. One such aptamer is the thrombin binding 

aptamer. Hianik et al., (2007) showed that increasing Na+ concentrations led to a decrease 

in the sensitivity of their human α-thrombin aptamer-based sensor.307 Another commonly 

used aptamer is the ATP-binding aptamer. Deng et a., (2001) examined the effect of Na+ 

and Mg+ concentration on analyte retention.308 They found that analyte retention was 

decreased with increasing Na+ concentration and that analyte retention was increased 

with increasing Mg2+ concentration. As a final example, Neves et al., (2010) examined 

the cocaine aptamer.309 This aptamer, commonly used in bipartite aptamer studies and 

structure switching experiments, was shown to have the highest affinity for its target in 

the absence of Na+ cation. Furthermore, there was a considerable decrease in aptamer 

affinity in the presence of Na+.  

2.5.3.2 Buffering agent 

 The buffering agent used in selection buffers seems to be largely based on user-

preference; however some evidence exists to suggest that the buffering agent used may 

affect the final aptamer affinity. The effect of buffering agent on the retention and 

resolution of multiple targets by the ATP aptamer from an affinity chromatography 

column was examined.308 It was shown that using phosphate buffered solutions instead of 

tris(hydroxymethyl) aminomethane (Tris) actually led to better resolution between 

targets. The mean Log10(KD) of the most common buffering agents were compared to 
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determine whether or not there was a significant difference between buffering agents 

(Figure 2.21). There was a significant difference in the mean rank of the affinity for 

different buffering agents (Kruskal-Wallis test; p=0.025). As the most commonly 

reported buffering agent, post-hoc analysis was used to compare Tris buffered saline 

(~50% of selections) to both HEPES (~25%) and phosphate buffered saline (PBS: 

~21%). The Mann-Whitney U test was used to compare the mean rank of the Log10(KD) 

of Tris buffered saline compared to either HEPES or PBS. Though there was a significant 

difference between Tris buffered saline and PBS (p=0.041), the difference between Tris 

and HEPES was not significant (p>0.05).  

 

Figure 2.21: Boxplot of the mean affinity (Log10(KD)) of common buffering agents. 
Error represents standard deviation. Figure reprinted with permission of Springer 
from McKeague, M.; McConnell, E. M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; 
Mastronardi, E.; Zhang, X.; Beking, M.; Francis, T.; Giamberardino, A.; 
Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, R.; Dumontier, M.; DeRosa, M. C. 
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Analysis of in vitro selection parameters. J. Mol. Evol. 2015, 81 (5), 150. Copyright 
Springer 2015. 

Due to incomplete selection condition reporting, approximately 5% of buffering agents 

were not described. The percentage of SELEX experiments lacking selection condition 

details is a great hindrance to thorough data analysis. It is important that the community 

reports their experimental details in sufficient detail for external researchers to be able to 

reproduce the selection method.267 As more data becomes available further analysis may 

reveal more significant buffering agent based affinity trends.  

2.5.3.3 Temperature 

 Selection experiment temperature preference typically corresponds to target type 

and future application. For instance, targets of biological relevance could be selected at 

37°C to mimic physiological conditions. Selection experiments performed at 4°C 

facilitate reduced nonspecific oligonucleotide uptake by cells.271 Data were analysed for 

selection experiments done at 4°C, 25°C (room temperature) or 37°C. The majority of 

selection experiments where temperature details were provided were done at 25°C 

(~70%). The next common temperature was 37°C (~21%) and least commonly, selections 

were performed at 4°C (~9%). To determine whether there was a significant difference 

between the affinity of aptamers selected at different temperatures, a statistical 

comparison of the mean Log10(KD) for each temperature group was performed (Figure 

2.22). 
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Figure 2.22: Boxplot of mean affinity (Log10(KD)) based on selection temperature. 
Figure reprinted with permission of Springer from McKeague, M.; McConnell, E. 
M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; Mastronardi, E.; Zhang, X.; Beking, 
M.; Francis, T.; Giamberardino, A.; Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, 
R.; Dumontier, M.; DeRosa, M. C. Analysis of in vitro selection parameters. J. Mol. 
Evol. 2015, 81 (5), 150. Copyright Springer 2015. 

Analysis by a One-Way ANOVA revealed that there was a significant difference between 

the mean Log10(KD) for different temperatures (p<<0.05). Significant differences were 

revealed between the mean Log10(KD) at 25°C and 37°C as well as 4°C and 37°C (Tukey 

HSD: p<<0.05 and p=0.037 respectively). In both instances, the mean Log10(KD) of the 

37°C group was lower than the other group, meaning aptamers selected at 37°C have 

higher affinities. There was no significant difference between the mean Log10(KD) of the 

4°C and 25°C groups (p=0.083). Aptamers have many biological and in vivo related 

potential applications, therefore these data suggest that researchers may find it 
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advantageous to perform aptamer selections at 37°C to optimize the potential affinity of 

selected aptamers.  

2.5.3.4 pH of the selection buffer 

 It is important to consider the pH of the selection buffer when designing a 

selection experiment. The pH of the selection buffer will determine the 

charge/protonation of both nucleic acids and targets as well as influence the secondary 

structure and stability of the aptamer-target complex, thus affecting the affinity of 

aptamer target binding. Examples of the influence of pH on aptamer affinity have been 

shown for the thrombin, ATP and cocaine aptamers.307–309 Linear regression analysis was 

used to investigate whether or not a correlation existed between the selection buffer pH 

and aptamer affinity (Figure 2.23). A weakly statistically significant negative correlation 

(R=0.51) between the pH of the selection buffer and Log10(KD) was revealed suggesting 

that selections done with buffers at higher pH values may lead to aptamers with better 

affinities than those done at lower pH values. However, the pH of the buffer should be 

chosen to best represent the desired application. Performing selections at a slightly basic 

pH may not be practical for a physiological application for example.  
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Figure 2.23: Linear regression analysis of the relationship between affinity 
(Log10(KD)) and pH. Figure reprinted with permission of Springer from McKeague, 
M.; McConnell, E. M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; Mastronardi, E.; 
Zhang, X.; Beking, M.; Francis, T.; Giamberardino, A.; Cabecinha, A.; Ruscito, A.; 
Aranda-Rodriguez, R.; Dumontier, M.; DeRosa, M. C. Analysis of in vitro selection 
parameters. J. Mol. Evol. 2015, 81 (5), 150. Copyright Springer 2015. 

2.5.4 Selection methods 

 SELEX technology has advanced significantly in the past 20 years. There have 

been several adaptations and new methods published that aim to reduce selection time, 

increase the success rate of selections and to select aptamers with novel structure and 

functionality. In parallel data analysis methods have improved allowing researchers to go 

from characterizing fewer than one hundred sequences to billions of sequences post 

selection.276,311 The following sections discuss some of these adaptations and the potential 

effect of aptamer affinity.  
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2.5.4.1 Number of selection rounds 

 Literature precedence suggests that approximately 5-15 rounds of selection are 

required for a typical SELEX experiment.283 This figure was confirmed by examining the 

number of rounds performed for the SELEX experiment data contained in the Aptamer 

Base (Figure 2.24).  

 

 

Figure 2.24: The distribution of frequency of SELEX experiments using a particular 
number of selection rounds is shown. Selection experiments were further divided by 
nucleic acid type; DNA (pink) and RNA (turquoise). Figure reprinted with 
permission of Springer from McKeague, M.; McConnell, E. M.; Cruz-Toledo, J.; 
Bernard, E. D.; Pach, A.; Mastronardi, E.; Zhang, X.; Beking, M.; Francis, T.; 
Giamberardino, A.; Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, R.; Dumontier, 
M.; DeRosa, M. C. Analysis of in vitro selection parameters. J. Mol. Evol. 2015, 81 
(5), 150. Copyright Springer 2015. 
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The mean number of selection rounds for DNA and RNA was determined to be 10 ± 6 

and 10 ± 4 respectively. Several factors influence the researcher choice of selection 

rounds. Traditionally, enrichment was used as a metric for the completion of a selection 

experiment. As technology and methods have improved, reaching a plateau enrichment 

has become less necessary for successful aptamer selections. Nonetheless, the researcher 

must strike a balance between a reduced number of selection rounds, which allows for 

decreased cost, increased throughput and less influence by PCR bias, and performing 

enough rounds for sufficient enrichment.  

 Linear regression analysis was used to determine whether or not there was a 

significant correlation between the number of selection rounds performed and the affinity 

of selected aptamers (Figure 2.25). 
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Figure 2.25: Linear regression analysis of number of selection rounds compared to 
aptamer affinity (Log10(KD)). Figure reprinted with permission of Springer from 
McKeague, M.; McConnell, E. M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; 
Mastronardi, E.; Zhang, X.; Beking, M.; Francis, T.; Giamberardino, A.; 
Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, R.; Dumontier, M.; DeRosa, M. C. 
Analysis of in vitro selection parameters. J. Mol. Evol. 2015, 81 (5), 150. Copyright 
Springer 2015. 
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of relatively high or low affinity respectively, for a particular target. Therefore, if a 

selection starts with a library that accesses affinity minima (green boundary) then far 

fewer selection rounds would be required to reach an enrichment threshold than a 

selection library that accesses affinity maxima. As such, a true global comparison of 

affinity by selection round would need to compare only those selections that access 

equivalent boundaries within the sequence space. 

Until enough data exist that the sequence space accessed is represented by a 

normal distribution, further analysis should examine whether or not significant trends 

emerge when the data are further subdivided by target type. Though the issue of 

equivocal sequence space access would still exist, the data would be less confounded by 

potential differences in target type.  

Oftentimes small molecule selections require more selection rounds than larger 

targets such as proteins to reduce the diversity of the selection library such that high 

affinity aptamer candidates can be identified due to the unique challenges associated with 

small molecule target selections.291 Historically, low-throughput sequencing was used to 

analyze selection data. Due to the limitations of this technique, selections required a final 

library with a relatively low diversity to identify high affinity aptamer candidates. The 

advent of high-throughput sequencing (HTPS) more recently has allowed to identify 

highly enriched aptamer candidates from highly diversified libraries, making obtaining a 

threshold enrichment value less important. Open access software interfaces have been 

developed to analyze HTPS selection data.312,313 As these platforms evolve and the data 

researchers can garner from these programs expands, the method itself, and the 
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information researchers can obtain from that data will drastically streamline aptamer 

selection methods. 

2.5.4.2 SELEX methodology 

 Finally, the following sections describe the effect of the actual SELEX 

methodology on aptamer affinity. As aptamer technology changed and evolved several 

modifications were made to the SELEX method, partitioning method and recovery 

method. The original SELEX method for the development of aptamers evolved from 

work done simultaneously by Ellington and Szostak (1990), Robertson and Joyce (1990) 

and Tuerk and Gold (1990).34–36 Here in, SELEX method refers to a method adapted from 

the original in vitro selection experiments. These adaptations served to improve selected 

aptamer affinity, streamline selection procedures, or facilitate selection of novel and/or 

traditionally difficult target types. The partitioning method refers to the way that 

oligonucleotides that have an affinity to the target are separated from oligonucleotides 

with little or no affinity to the target. Lastly, the recovery method is the method used to 

separate binding oligonucleotides from the target prior to PCR amplification. The 

recovery method can be a physical or chemical method. Typically, researchers change 

these methods with the intention to improve the partitioning efficiency, to allow for the 

incorporation of methods to monitor enrichment, or to streamline throughput.314,315  

 Selection methodology data from the Aptamer Base was examined to ascertain 

whether a particular methodology resulted in higher aptamer affinity. Unfortunately it 

was difficult to draw meaningful conclusions from these data due to bias toward certain 

methodologies. There was simply not enough data for certain methods to extrapolate 
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generalized trends. Additionally, the limited data within each group was further 

subdivided by target type. Figure 2.27, Figure 2.28 and Figure 2.29 represent the 

frequency of SELEX method, partitioning method and recovery method respectively, by 

target type. In the following figures, for each methodology, the percentage of SELEX 

experiments performed for a particular target type is shown. The data bias is especially 

noticeable in these figures where several methods were performed on only one or two 

target types. Once sufficient data are available for each methodology, it will be 

interesting to compare the affinity across methodologies for one target type. Until such 

data are available, more systematic experiments are required to elucidate whether one 

method results in better affinity aptamers over another for a particular target type.  
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Figure 2.30: Boxplot of affinity (Log10(KD)) by SELEX method. Figure reprinted 
with permission of Springer from McKeague, M.; McConnell, E. M.; Cruz-Toledo, 
J.; Bernard, E. D.; Pach, A.; Mastronardi, E.; Zhang, X.; Beking, M.; Francis, T.; 
Giamberardino, A.; Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, R.; Dumontier, 
M.; DeRosa, M. C. Analysis of in vitro selection parameters. J. Mol. Evol. 2015, 81 
(5), 150. Copyright Springer 2015. 

The non-parametric Kruskal-Wallis test was used to evaluate whether there was as 

significant difference between the mean Log10(KD) for each SELEX method. This 

statistical test was chosen due to the bias in sample size and differences in sample 

variances. There was a significant difference between the mean rank of Log10(KD) for 

different SELEX methods (Kruskal-Wallis: α=0.05, p=0.01) suggesting that the value of 

the median Log10(KD) differs between at least two methods. However, before meaningful 
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conclusions can be drawn about the relationship between SELEX method and final 

aptamer affinity, and which methods produce the highest affinity aptamers, more data 

will be required. 

2.5.4.2.2 Partitioning method 

 The most commonly reported partitioning method was affinity chromatography. 

During this method, the target is chemically immobilized on a solid support matrix 

(typically agarose-based matrices). Over half of the selection experiments reported using 

affinity chromatography where 42% of the selection experiments immobilized their target 

on a solid support matrix and 12% specifically immobilized the target on magnetic beads. 

The second most commonly used partitioning method was filtration, which was reported 

in 21% of SELEX experiments. The data were examined to determine whether one 

partitioning method led to better affinities than another method (Figure 2.31). 
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Figure 2.31: Boxplot of affinity by partitioning round. Figure reprinted with 
permission of Springer from McKeague, M.; McConnell, E. M.; Cruz-Toledo, J.; 
Bernard, E. D.; Pach, A.; Mastronardi, E.; Zhang, X.; Beking, M.; Francis, T.; 
Giamberardino, A.; Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, R.; Dumontier, 
M.; DeRosa, M. C. Analysis of in vitro selection parameters. J. Mol. Evol. 2015, 81 
(5), 150. Copyright Springer 2015. 

Again, Kruskal-Wallis was used to evaluate the data. There was a significant difference 

in the mean rank of the Log10(KD) value between different partitioning methods 

(p<<0.05). Since the sample sizes of the affinity chromatography (n=160 for general, and 

n=47 for magnetic beads) and filtration (n=79) methods were closer in size, post-hoc 

analysis by Mann-Whitney U test was performed. A significant difference was observed 

between the mean rank of Log10(KD) of both affinity chromatography methods and 
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filtration (general: p<<0.05 and magnetic beads: p=0.032). This result suggests that 

filtration as a partitioning method yields aptamers with slightly higher affinity. Again, as 

more data from novel SELEX experiments are available to analyze, examining trends at 

the level of target type may yield more interesting trends. 

2.5.4.2.3 Recovery method 

Researchers employ multiple physical and chemical methods for the recovery of nucleic 

acids from the oligonucleotide/target binding complex. The most commonly used 

methods in SELEX experiments in order of frequency are heat (16%), elution with target 

(12%), precipitation (11%), chaotropic agent (11%) and change in ionic strength (10%). 

The affinity as a function of recovery method is shown in Figure 2.32.  
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Figure 2.32: Boxplot of affinity by recovery method. Figure reprinted with 
permission of Springer from McKeague, M.; McConnell, E. M.; Cruz-Toledo, J.; 
Bernard, E. D.; Pach, A.; Mastronardi, E.; Zhang, X.; Beking, M.; Francis, T.; 
Giamberardino, A.; Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, R.; Dumontier, 
M.; DeRosa, M. C. Analysis of in vitro selection parameters. J. Mol. Evol. 2015, 81 
(5), 150. Copyright Springer 2015. 

Since there was a greater distribution of recovery method used, the differences between 

recovery method and aptamer affinity where examined by a One-Way ANOVA. There 

was a significant difference revealed between the mean Log10(KD) of different recovery 

methods (α=0.05, p<<0.05). Upon examination of the recovery method affinity means, 

elution with target appeared to have a lower affinity compared to all other groups. 

Therefore, Tukey HSD was used to analyze the differences between the elution with 

116 

 



target group and all other recovery methods. There was significant difference observed 

between the mean Log10(KD) of the elution with target method compared to all other 

recovery methods (α=0.05; p>0.01 for all pair-wise comparisons), suggesting that the 

commonly used elution with target recovery method actually produces higher 

dissociation constants and therefore lower affinity aptamers than all other methods 

examined. However, this trend is not surprising given that elution with target is 

commonly used with small molecule targets, which tend to be associated with lower 

affinity aptamers, due to the target type-associated selection challenges.291 Similarly to 

partitioning method, more significant trends may be revealed by analysis of recovery 

method at the level of target type. 

2.5.5 Affinity testing methodology 

 The buffering agent that the affinity experiment was performed in as well as the 

method used to assess the affinity an aptamer has for its target were assessed. 

2.5.5.1 Buffering agent used in affinity experiment 

 Finally, the effect of the buffering agent used in affinity experiments on aptamer 

affinity was examined (Figure 2.33). 
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Figure 2.33: Box plot comparison of mean affinity (Log10(KD)) of the buffering agent 
used in affinity experiments. Figure reprinted with permission of Springer from 
McKeague, M.; McConnell, E. M.; Cruz-Toledo, J.; Bernard, E. D.; Pach, A.; 
Mastronardi, E.; Zhang, X.; Beking, M.; Francis, T.; Giamberardino, A.; 
Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, R.; Dumontier, M.; DeRosa, M. C. 
Analysis of in vitro selection parameters. J. Mol. Evol. 2015, 81 (5), 150. Copyright 
Springer 2015. 

One-Way ANOVA revealed a significant difference between the mean affinity of 

different buffering agents (p<0.005; α=0.05). There was not enough data to draw 

meaningful conclusions about the differences between the groups but preliminary 

analysis of the mean Log10(KD) suggests that using either PBS or HEPES led to lower 

dissociation constants and therefore better affinity. This trend is consistent with what was 

observed for the buffering agent used in the selection buffer (Figure 2.21). Interestingly, 

~34% of affinity experiments used Tris buffered saline whereas ~23% used HEPES and 
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only ~13% used phosphate buffered saline. Approximately 31% of affinity experiments 

did not report the buffer that was used during the selection experiments; another example 

of the importance of complete reporting of experimental details.  

2.5.5.2 Method of affinity experiment 

 Given the tendency of different affinity screening and characterization methods to 

produce significantly different dissociation constants for the same aptamer/target 

interaction, the relationship between the affinity method used and the affinity of the 

aptamer candidate was examined (Figure 2.34). 

 

Figure 2.34: Comparison of the mean affinity between different affinity 
characterization methods. Abbreviations in parentheses: Affinity chromatography 
(AC), affinity electrophoresis (AE),  capillary electrophoresis (CE), cell binding 
assay (CBA), dialysis, filter binding assay (FBA), flow cytometry (FC), fluorescence, 
fluorescence polarization (FP), immunoaffinity assay (IAA), isothermal titration 
calorimetry (ITC), kinetic capillary electrophoresis (KCE), not described, surface 
plasmon resonance (SPR) and, UV-Visible Spectroscopy. Figure reprinted with 
permission of Springer from McKeague, M.; McConnell, E. M.; Cruz-Toledo, J.; 
Bernard, E. D.; Pach, A.; Mastronardi, E.; Zhang, X.; Beking, M.; Francis, T.; 
Giamberardino, A.; Cabecinha, A.; Ruscito, A.; Aranda-Rodriguez, R.; Dumontier, 
M.; DeRosa, M. C. Analysis of in vitro selection parameters. J. Mol. Evol. 2015, 81 
(5), 150. Copyright Springer 2015. 
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Preliminary statistical analysis by One-Way ANOVA revealed a significant difference 

(p=0.017; α=0.05) between mean Log10(KD) of different affinity characterization 

methods. Post-hoc analysis was not performed due to the large variance in sample sizes 

for each method.  

The most commonly used affinity method was the filter binding assay; 

approximately 28% of SELEX experiments used this method to characterize aptamer-

target binding. This is not surprising given that this is a commonly used method to 

evaluate aptamer-protein interactions and over half of the SELEX experiments described 

were for protein targets. The second most commonly used method, SPR (~19%) is a mass 

dependent technique which limits its applicability to larger targets. However, some work 

has been done to determine aptamer dissociation constants for small molecule targets by 

SPR.316–318 Affinity electrophoresis, affinity chromatography and fluorescence methods 

were used in ~13%, ~10% and ~8% of SELEX experiments respectively. The rest of the 

methods were each used to characterize aptamer affinity in less than 5% of SELEX 

experiments.  

The success of a SELEX experiment is often measured by the affinity of the 

selected aptamers. By measuring the dissociation constant of the interaction between an 

aptamer and its target, researchers can make predictions about how an aptamer will 

behave in a particular application. There are however, some practical limitations to this 

approach. Sequencing methods have improved greatly, thus increasing access to the 

number of potential aptamer candidates compared to traditional sequencing methods. 

However, affinity characterization methods remain, for the most part low-throughput, 
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time consuming and laborious.276 For these reasons, typically fewer than ten aptamer 

candidates are screened for binding before further characterization is performed.  

 A broad comparison of the dissociation constant produced for the same aptamer 

by several different affinity methods asserted the necessity of using multiple 

characterization methods to yield a true dissociation constant estimate.276 Additionally, 

careful consideration of the final application should be given when choosing the affinity 

characterization method as an aptamer may be successfully evaluated with one method 

and show little-to-no binding to its target in  a different assay. In collaboration with 

several researchers from the DeRosa (Carleton University: Ottawa, Canada) and De 

Girolamo (National Research Council of Italy; Bari, Italy) laboratories, a comprehensive 

workflow (Figure 2.35) for the screening, optimization, characterization and functional 

validation was developed.276  

 

Figure 2.35: Aptamer characterization workflow. Figure reproduced with 
permission from the American Chemical Society.  McKeague, M.; De Girolamo, A.; 
Valenzano, S.; Pascale, M.; Ruscito, A.; Velu, R.; Frost, N. R.; Hill, K.; Smith, M.; 
McConnell, E. M.; DeRosa, M. C. Comprehensive analytical comparison of 
strategies used for small molecules aptamer evaluation. Anal. Chem. 2015, 87 (17), 
8608. Copyright 2015 American Chemical Society. 
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The workflow summarizes important assay considerations and assay options as they 

relate to specific aptamer discovery milestones. An important conclusion from this work 

is that no single method to evaluate aptamer affinity exists that is applicable to all 

aptamer candidates, which reinforces the importance of multi-method characterization. 
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2.6 Conclusions and future work 

 Throughout this chapter, work done to extract data from the Aptamer Base and 

investigate the effect of the selection parameters, the target, the selection conditions, the 

selection method, the affinity method and the buffering agent of the affinity experiment 

on the resulting affinity of selected aptamers was examined. Selection parameters 

investigated included; nucleic acid type, template length and aptamer base composition. 

The selection conditions examined include; ionic strength, buffering agent, temperature 

and pH. From the analysis presented here, target type and selection temperature had the 

clearest effect on the affinity of the selected aptamers. Interestingly, there was 

insufficient evidence to suggest that the nucleic acid type, template length, aptamer base 

composition, or selection and affinity methodologies had a significant effect on the 

affinity of selected aptamers. Commonly, there were inadequate data to draw meaningful 

conclusions or make predictions about specific parameters, conditions or methodologies. 

Additionally, preliminary evidence suggests that the data that were available were 

confounded by target type. As more selection and affinity experiment data becomes 

available, further analysis should investigate the described parameters, conditions and 

methodologies at the level of target type to eliminate the confounding variable of target 

type dependent counter trends skewing the results. This work was the first example of a 

comprehensive, statistical analysis of aptamer selection data. The Aptamer Base will be 

maintained and updated regularly to facilitate future data analysis. 
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3 pHAST (pH-Driven Aptamer Switch for Thrombin) Catch-
and-Release of Target Protein       
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3.1 Statement of Contributions 

 Experiments were conceptualized and designed by MC DeRosa and EM 

McConnell. Initial melting temperature control experiments were performed by MC 

DeRosa and R Bolzon. pHAST characterization studies were performed by EM 

McConnell, P Mezin and G. Frahm. pHAST binding experiments were done by EM 

McConnell. Data analysis was done by EM McConnell, MC DeRosa, G Frahm, and M 

Johnston.  

3.2 Resulting publications 

This work is published in Bioconjugate Chemistry, ACS Publications 

(McConnell, EM., Bolzon, R., Mezin, P., Frahm, G., Johnston, M, and DeRosa MC. 

Bioconjugate Chemistry. 2016 27 (6), pp 1493–1499.319 The manuscript was prepared by 

EM McConnell, G Frahm, M Johnston, and MC DeRosa. 
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3.3 Introduction 

3.3.1 Objective 

 The objective of this work was to determine if the A+(anti)•G(syn) base pair could 

be used to efficiently design an aptamer-based nanoswitch (pHAST) that was 

conformationally sensitive to changes in pH. Additionally, the ability of the aptamer-

based nanoswitch to specifically catch-and-release a target protein in response to changes 

in pH was examined. 

3.3.2 pH and the Central Nervous System 

3.3.2.1 Regulation of pH in the CNS 

 Many biomolecules have pH-sensitive physicochemical properties that influence 

their intermolecular interactions, structural transitions and processes (cell migration, 

apoptosis and proliferation) and therefore pH homeostasis is highly regulated at the 

subcellular level.320,321 Like in other tissues, the regulation of pH in tissues of the central 

nervous system (CNS) is a vital homeostatic function, yet pH related physiology and 

neuropathology are poorly understood.322 Additionally, the degree to which pH fluctuates 

during normal brain function is not clear.322 Several active and passive mechanisms, such 

as ion pump transport and ion channel transport respectively exist to regulate the pH of 

cells since intracellular acid is a natural by-product of respiration.323 Diversity of acid 

transport mechanisms between subtypes of neuronal and glial cells of the CNS has been 

demonstrated, which adds complexity to understanding the regulation of brain pH.324 

Another challenge when studying neuronal and glial pH regulation is the rapid intra- and 
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extracellular increases or decreases in H+ concentration that occur as a result of electrical 

activity.324  

 Complementary to the mechanisms that exist to modulate pH changes in the body, 

several buffering mechanisms exist. By the reaction of carbon dioxide (CO2) with water 

(H2O) and the consequent formation of carbonic acid (H2CO3), the CO2/HCO3- system 

maintains pH.322 Carbonic acid is dissociated into hydrogen carbonate (HCO3-) and 

hydrogen (H+) ions. When pH is low, the equilibrium is shifted away from H+ by 

increasing the HCO3- concentration and pH is increased. In contrary, an increase in CO2 

causes an equilibrium shifts towards H+ production, and the pH decreases.322 

Many physiological and behavioural processes such as synaptic plasticity, 

neurodegeneration, learning, memory and pain result due to the role of pH-sensitive 

enzymes, receptors and channels, and the neurochemical mechanisms associated with the 

respective process.322 Abnormal fluctuations in pH have been implicated in multiple 

disease processes such as Parkinson’s disease, Alzheimer’s disease, brain cancer and 

ischemia.325–333 

3.3.2.2 Ischemia associated fluctuations in pH 

 The resultant reduction in metabolites such as glucose and oxygen necessary for 

cellular metabolism due to the thrombosis of a major blood vessel leads to tissue damage 

and potentially cell death culminating in an ischemic stroke.323 In the event of an 

ischemic stroke, accumulation of CO2 leads to a decrease in intracellular pH due to poor 

perfusion of the cell.323 Coupled with the increase of H+ ions that results from the 

reduction of available glucose and oxygen for cellular metabolism, the pH is pushed 
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below the maintainable threshold of 6.3-6.4 and cellular damage occurs.323 Acidosis-

induced cellular damage of neurons, glial cells and microvessels results mainly from free 

radical formation and changes in Ca2+ ion concentration at pH values above 6.5.323  

 Currently, tests which evaluate perfusion and diffusion are used to determine the 

extent of ischemia, however limitations exist in the ability of these methods to understand 

the dynamic pH changes that occur during ischemia and predict at-risk tissue.323,334 The 

dynamic pH changes associated with ischemic stroke have been investigated in several 

animal models.329,335,336 Recently, a clinical trial using pH-weighted magnetic resonance 

imaging showed that significant pH changes do occur following ischaemia.337 Since the 

majority of damage from ischaemic stroke occurs within a few hours of the event, there is 

a need for quick and accurate diagnosis and treatment methods. Given the limitation of 

current methods, there is a need for the development of novel diagnostic tools and 

interventions. DNA nanotechnology could be used to develop innovative interventions 

and improve existing therapies.338,339  

3.3.3 DNA nanotechnology 

 Deoxyribonucleic acid (DNA) has several structural and functional properties that 

can be exploited for the design of DNA based nanotechnologies.339,340 Additionally, the 

repeating units making up DNA, adenine (A), cytosine (C), guanine (G) and thymine (T), 

allow the biopolymer to encode a substantial amount of information. The sequence 

composition of a single-stranded DNA molecule can be designed such that intra- and 

intermolecular interactions can be controlled. DNA-based nanomachines, nanodevices 

and nanoarchitectures have been designed based on the ability of DNA to hydrogen bond 
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with its complement strand. Additionally, the ability of DNA to hydrogen bond to other 

non-nucleic acid molecules has served as the basis for the design of diverse 

nanotechnologies with applications ranging from sensing to drug delivery.340 

Functionally, DNA can be exploited for its ability to selectively bind target molecules, 

provide specific domains to initiate enzymatic cleavage by nicking enzymes and 

endonucleases, as well as its catalytic properties in the form of DNAzymes.341  

3.3.4 DNA switches 

 A subclass of rationally designed DNA nanostructures that have proved useful in 

the design of sensors and electronic devices are DNA switches.342 An important structural 

property of DNA switches is their ability to undergo reversible structural or physical 

changes in response to external stimuli or signaling molecules.341 These stimuli can 

include molecules such as complementary oligonucleotides, proteins, enzymes and small 

molecules or environmental stimuli such as temperature, light, ionic concentration and 

pH.339,341–345 The programmable and predictable nature of DNA allows existing 

nanostructures, such as DNAzymes, G-quadruplexes, i-motifs and aptamers to be 

incorporated into the design of DNA switches.5,346,347 The stability of these structures can 

be predictably tailored by controlling the physical properties of the DNA switch (number 

of base pairs and/or mispairs, sequence composition and use of modified nucleotides) as 

well as the environment (ionic strength and composition, presence of groove binders, 

intercalators or other molecular substrates).341  
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3.3.5 pH exploitable properties of DNA 

 pH is an important environmental stimulus that can have profound effects on 

molecular interactions, functional activity, and structural transition of biomolecules. This 

property is employed in natural systems to regulate processes such as the sorting and 

modification of proteins post-translation, cellular signaling and neurodegeneration.320 

DNA is a biomolecule that has pH-switchable properties.320  

 The formation of non-canonical DNA base pairs can result from the protonation 

of A and C at acidic pH. Specifically, the following pH-dependent base pairs can form; 

C•A+, C•C+, and A+(anti)•G(syn).348 The existence of these base pairs can lead to the 

pH-dependant formation of hairpins, triplexes and i-motif secondary structures which can 

be exploited for the design of pH-regulated DNA switches.320,347,349,350 

3.3.6 pH-switchable nanodevices 

 The most common pH-dependent base pair utilised in the design of DNA switches 

is the C•C+ base pair that can result in the formation of an i-motif.349 Hemiprotonation of 

C in slightly acidic pH can lead to the formation of an i-motif structure in 

oligonucleotides with stretches of multiple Cs.351 I-motifs exist as either intra- or 

intermolecular four-stranded secondary structures stabilized by  C•C+ base pairing.351,352 

In this secondary structure two duplexes are stabilized by intercalated C•C+ base pairs 

exist. Xu et al., (2007) exploited pH-sensitive base pairing to design a pH-driven 

nanomolecular device that was able to catch-and-release a target protein and that yielded 

only water as a waste product.353  The DNA duplex could bind to its target protein at 

neutral pH (>7.0). When the pH of the solution was adjusted to <5.5, the complementary 
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oligonucleotides underwent structural transition to form intramolecular G-quad and 

intermolecular i-motif conformations, eliminating target binding. A limitation of 

designing pH-driven DNA switches on the i-motif or C•C+ base pairs is that the 

formation of an i-motif requires an elongated stretch of C in the DNA sequence. 

Aptamers are selected from random libraries where the base composition should be 

approximately 25% for each base. Therefore developing a pH-driven aptamer-based 

DNA nanomachine by the incorporation of C•C+ base pairs may not be a universally 

efficient strategy.   

3.3.7 The incorporation of aptamer technology into functional nanomachines 

 An excellent example of existing DNA-based nanoarchitectures being 

incorporated into DNA switch design is the use of aptamers. Derived by an iterative in 

vitro selection process termed Systemic Evolution of Ligands by EXponential enrichment 

(SELEX), aptamers are single-stranded functional nucleic acids that bind to their cognate 

target molecules (ranging from small molecules to cells) with a high degree of affinity 

and selectivity.8,34–36 Molecular switches capable of the catch-and-release of specific 

target molecules have been described which incorporated aptamers into functional DNA-

based architectures.342,350,353,354 Of particular relevance, a nanomachine was designed 

based on an human α-thrombin (henceforth referred to as thrombin) binding aptamer 

(TBA) that was able to cyclically catch-and-release thrombin.355 In the absence of the 

TBA’s partial complement, the TBA existed in the G-quadruplex conformation necessary 

for the TBA to bind to thrombin. Duplex formation was initiated by the addition of the 

aptamer’s partial complement; this structural change from G-quadruplex to duplex 
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Therefore, the rational design of aptamer-based, pH-driven molecular switches which 

exploit the A+(anti)•G(syn) base pair could be easily done for many existing aptamer 

sequences. Moreover, the pH tunable properties of these rationally designed functional 

nucleic acids would allow for additional control over aptamer-target binding. In the case 

of an aptamer with a known G-quadruplex secondary structure, the simple addition of an 

A-rich tail could result in a sequence that exhibits pH-dependent allostery. Further, the 

allosteric property of the unimolecular switch could be controlled to catch-and-release a 

target molecule, an especially functional advantage in applications such as controlled 

delivery. This chapter describes the rational design and characterization of a unimolecular 

nanomachine, capable of pH-driven catch-and-release of the target molecule, human α-

thrombin. 

3.4 Materials and methods 

3.4.1 Reproduction from publication notice 

 Sections 3.4.3-3.4.12 were reprinted (adapted) with permission from McConnell, 

EM., Bolzon, R., Mezin, P., Frahm, G., Johnston, M and DeRosa, MC. pHAST (pH-

Driven Aptamer Switch for Thrombin) Catch-and-Release of Target Protein. 2016. 

Bioconjugate Chemistry. DOI: 10.1021/acs.bioconjchem.6b00124.319 Copyright 2016 

American Chemical Society. 

3.4.2 Chemicals and reagents 

 DNA synthesis reagents were purchased from Glean Research (Sterling, VA, 

USA) and BioAutomation (Irving, TX, USA). Unmodified DNA was synthesized on a 

MerMade 6 DNA synthesizer (BioAutomation) according to standard phosphoramidite 
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chemistry. Polyacrylamide gel electrophoresis (PAGE) was used to purify 

oligonucleotides post-synthesis. Cyanine dye-modified oligonucleotides that had been 

purified post synthesis by high-performance liquid chromatography (HPLC) were 

purchased from Integrated DNA Technologies (Coralville, IA, USA). Urea, 

acrylamide/bis-acrylamide (19:1) 40% solution, TEMED, Tris, boric acid, and EDTA 

were purchased from BioShop Canada (Burlington, ON, Canada). Glycerol, HCl, NaOH, 

KCl, NaCl, sodium phosphate dibasic (Na2HPO4), monosodium phosphate (NaH2PO4), 

sodium acetate anhydrous, acetic acid were purchased from Sigma-Aldrich (Oakville, 

ON, Canada). Human α-thrombin was purchased from Haematologic Technologies Inc. 

(Essex Junction, VT, USA). 

3.4.3 DNA sequence information 

 The DNA sequences used in these experiments are shown in Table 3.1. The 

pHAST was labeled with 5’-Cy5 and 3’-Cy3 for pH cycling experiments. The Cy3-TBA 

and Cy3-pHAST were 5’-Cy3 labeled for anisotropy and EMSA studies. 

Table 3.1: DNA sequences of the oligonucleotides used in this study. Table reprinted 
with permission from McConnell, EM., Bolzon, R., Mezin, P., Frahm, G., Johnston, 
M and DeRosa, MC. pHAST (pH-Driven Aptamer Switch for Thrombin) Catch-
and-Release of Target Protein. 2016, 27: 1493-1499. Bioconjugate Chemistry. 
Copyright 2016 American Chemical Society. 

 

Sequence 5’  3’ 

Thrombin Binding 
Aptamer (TBA)    

GGTTGGTGTGGTTGG 

Cy3-TBA Cy3-GGTTGGTGTGGTTGG 

TBA complement CCAACCACACCAACC   

134 

 



(Comp) 

Partial Complement 1 
(PC1) 

AAAACCACACCAAAA   

Partial Complement  2 
(PC2) 

CCAAAAACAAAAACC   

Partial Complement 3 
(PC3) 

AAAAAAAAAAAAAAA   

pH driven Aptamer 
Switch for Thrombin 
(pHAST) 

Cy5-GGTTGGTGTGGTTGGCTCTAAAAAAAAAAAAAAA-
Cy3   

Cy3-pHAST Cy3- GGTTGGTGTGGTTGGCTCTAAAAAAAAAAAAAAA 

 

3.4.4 Structural Analysis by Melting Temperature determination 

Melting temperature data were obtained in either 0.1 M sodium phosphate buffer 

(pH 7.5) or 0.1 M sodium acetate buffer (pH 5.0) containing 140 mM NaCl and 5.0 mM 

KCl. Absorbance was measured at 295 nm (G-quadruplex) and 260 nm (duplex) over the 

range of 20ºC to 80ºC with a ramp rate of 2ºC/min. Four ramps (two forward and two 

reverse) were measured for each sample. Melting temperatures and standard deviation 

reported were calculated from the average of values obtained from duplicate experiments. 

UV-Vis melting studies were performed with the non-fluorophore labelled 

pHAST (NF-pHAST) in either 0.1 M sodium phosphate buffer (140 mM NaCl, pH 7.5) 

or 0.1 M sodium acetate buffer (140 mM NaCl, pH 5.0) containing 0.0 mM, 0.5 mM or 

5.0 mM KCl. Absorbance was measured at 295 nm (G-quadruplex and hairpin) and 260 

nm (hairpin) over a temperature range of 20ºC to 80ºC; ramp rate was 2ºC/min. Two 

forward ramps and two reverse ramps were measured for each sample. Tm values and 
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standard deviations reported were calculated from values obtained from duplicate 

experiments. 

3.4.5 Circular dichroism (near U/V) analyses of DNA samples 

DNA samples (either TBA or pHAST) were diluted to 2.5 µM in either Buffer 1 

(0.1M sodium phosphate, 140mM NaCl, 0.5mM KCl, pH 7.5) or Buffer 2 (0.1M sodium 

acetate, 140mM NaCl, 0.5mM KCl, pH 5.0) and analyzed with a Jasco 815 

spectropolarimeter (Jasco International Co., Ltd., Tokyo, Japan) equipped with a Peltier 

thermal control unit set to room temperature (20°C).  Samples were measured in 10 mm 

quartz cuvettes (Hellma, Mullheim, Germany).  The instrument and thermal control unit 

were controlled with Spectra Manager Software, Version 2 (Jasco International Co.).  

Each near U/V spectrum for structure analysis represents the average of 5 scans of one 

sample from 340-220nm with a data pitch of 1 nm and a response time of 1 s.  Spectra 

were baseline corrected and corrected for buffer signal. 

3.4.6 Thermal stability studies by CD  

Thermal stability studies were carried out by monitoring CD (millidegrees) at 

294nm between 20°C and 80°C in increments of 2°C per minute.  Samples were diluted 

(2.5 µM) in either Buffer 1 or Buffer 2, prepared in 10 mm quartz cuvettes, and were 

corrected for buffer signal.  Each Tm curve is the result of one representative Tm scan. 

Fractional (normalized) change was calculated according to previously published studies, 

using the following formula: 

[1.0]   F(obs)  =  [Eobs(T) – Emax]/[E20-Emax]*100 
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Where F(obs) is the relative ellipticity, Eobs(T) is the ellipticity at 222 nm at temperature 

T, Emax is the ellipticity at the maximum temperature (°C) used, and E20 is the ellipticity 

at the initial temperature of 20°C.357  

3.4.7 Effect of Buffer on pH switching 

 pHAST (0.4 µM) dissolved in 1 mM sodium phosphate buffer containing 140 

mM NaCl and either 0.0 mM, 0.5 mM or 5.0 mM K+ was cycled through pH 7.0 and pH 

5.0 ten times. Fluorescence spectra (ex: 460 nm; em: 500-700) at each pH value were 

recorded using a Fluorolog-3 (Horiba Jobin-Yvon). Solution pH was adjusted by the 

addition of either 2.0 M HCl or 2.0 M NaOH and was monitored using BDH pH 4.5-10 

test strips. Each buffer condition was run in triplicate and involved 20 total measurements 

at alternating pH values producing 10 switches. To determine switching efficiency, the 

ratio of fluorescence intensity of Cy3/Cy5 (560nm/667nm) was plotted against sequential 

pH values. 

3.4.8 Ratiometric analysis of pHAST conformational change due to cyclic changes 

in solution pH 

 The pH of a 0.4 μM pHAST (5’-Cy5-

GGTTGGTGTGGTTGGCTCTAAAAAAAAAAAAAAA-Cy3-3’) solution was 

monitored over multiple cycles of pH 7 and 5 using a Fluorolog-3 fluorescence 

spectrometer (Horiba Jobin-Yvon, USA). Ratiometric data were collected by measuring 

the intensity of Cy3 to Cy5 emission (570 nm and 667 nm respectively) upon excitation 

of Cy3 (460 nm). An excitation of 460 nm for Cy3 was chosen to minimize excitation of 

Cy5 due to spectral overlap. Solution pH was monitored using BDH pH 4.5-10 test strips 
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(VWR, Canada). For the extended pH cycling experiment, cycles 1-10 and 11-35 were 

performed on separate days. Experiments with thrombin (either 2.0 µM or 5.0 µM) were 

performed as described. Incubation periods (time from pH change to fluorescence 

measurement) of 0 min, 10, min and 60 min were investigated in the presence of 2.0 µM 

thrombin. 

3.4.9 Conformational sensitivity to incremental change in solution pH 

  

The pH of a solution of Cy3-pHAST (1.0 μM) and thrombin (2.5 μM) was 

decreased by 0.5 pH unit increments over the range of pH 8.0 to pH 4.0. Solution pH was 

adjusted with 2.0 M HCl and monitored with BDH pH 4.5-10 test strips. The solution 

was allowed to equilibrate (15 min) at each pH point. Aliquots (25 μL) were removed at 

each pH for EMSA. Gels were imaged using AlphaImager AIC software. 

3.4.10 Cy3-TBA and Cy3-pHAST binding to thrombin measured by fluorescence 

anisotropy  

The fluorescence anisotropy of 5’-Cy3 labelled TBA (Cy3-TBA) was measured at 

various concentrations of human α-thrombin (0.5 nM to 5.0 µM) in binding buffer (20 

mM Tris-acetate; 140 mM NaCl, 5.0 mM KCl, 1.0 mM CaCl2 and 1.0 mM MgCl2) 

adjusted to either pH=7.0 or pH=5.0 with 2.0 M HCl. The fluorescence anisotropy of the 

5’-Cy3 labeled pHAST (1.0 µM) at pH=7 and pH=5 was also measured. Samples at 

pH=7.0 were measured in 1.0 mM sodium phosphate buffer (140 mM NaCl, 0.5 mM 

KCl) and samples at pH=5.0 were measured in 0.1 mM sodium acetate buffer (140 mM 

NaCl, 0.5 mM KCl). DNA was heated to 55ºC and then cooled to room temp before 
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mixing. DNA and human α-thrombin samples were made up to 2X concentration, mixed 

equivolume (30 µL) and allowed to incubate at room temperature for 15 min before 

anisotropy measurements were taken. Three trials at each pH condition were run. The 

two closest data points at each concentration were plotted to eliminate outliers. 

Represented error was calculated based on the standard deviation between two data 

points at each concentration. Curves were produced using the four-parameter logistic 

equation (non-linear regression) in SigmaPlot 13.0. Apparent KD values were fit using the 

Standard Curve, four-parameter logistic curve in SigmaPlot Version 10.0. The apparent 

KD values (KD ± Standard Error) shown in Error! Reference source not found. were 

derived from the fit of the average of the two closest data points at each concentration for 

each sample. 

3.4.11 Catch-and-release of target protein by non-denaturing EMSA 

   

The pH of a solution of Cy3-pHAST (1.0 μM) and thrombin (2.5 μM) was 

cyclically changed from pH 7 to 5 over five cycles. Solution pH was adjusted  using 

either 2.0 M NaOH or HCl and was monitored using BDH pH 4.5-10 test strips. At each 

pH, the sample was allowed to equilibrate at room temperature for 15 min. Aliquots (25 

μL) were removed at each pH point for non-denaturing EMSA analysis. Gel images were 

obtained by AlphaImager AIC software.  
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3.4.12 Fluorescence anisotropy of Cy3-pHAST binding to thrombin over multiple 

pH cycles  

The samples were prepared for anisotropy by first heating (65ºC) and cooling 

(room temp) the Cy3-pHAST. The Cy3-pHAST and thrombin were made up to 2X 

concentration and mixed equal volume (300 µL) to yield final concentrations of 1.0 µM 

and 0.5 µM respectively. The anisotropy (ex: 460 nm, em: 564 nm) of the solution was 

measured at pH=7. The pH of the solution was changed to pH=5 by the addition of 2.0 M 

HCl and the anisotropy was measured again. The solution was returned to pH=7.0 with 

2.0 mM NaOH. pH was monitored using BDH pH 4.5-10 test strips. The anisotropy at 

each pH was measured in triplicate over 5 pH cycles. Three trials were performed with 

and without thrombin. 
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3.5 Results and discussion 

3.5.1 Design of the pH-driven, aptamer-based unimolecular nanomachine 

(pHAST) 

 The interaction of thrombin with the TBAs selected by either Bock et al. or Tasset 

et al. are the most commonly investigated in aptamer-based proof-of-concept 

studies.129,358 The aptamer chosen to include as the aptamer domain of the pHAST was 

the TBA first described by Bock et al.358 In addition to its common use in proof-of-

concept studies, the TBA was chosen as its tendency to form a G-quadruplex has been 

well characterized.359–364 The design of pHAST and the pH-dependent conformations it 

exists in are illustrated in Figure 3.2.  

 

Figure 3.2: Schematic representation of pHAST. The catch-and-release of the 
target, thrombin, is regulated by the pH-driven confirmation of pHAST. The 
Cy3/Cy5-pHAST was designed so that at neutral pH it exists in the G-quad 
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conformation and the thrombin binding domain is capable of binding to thrombin. 
Upon acidification, the Cy3/Cy5-pHAST experiences a conformational change such 
that the G-quadruplex is disrupted and the hairpin forms. This conformational 
change blocks the thrombin binding dopamine and as a result the affinity of the 
pHAST towards thrombin is eliminated. Dashed blue bars indicate G-quadruplex 
formation and red bars indicate A+(anti)·G(syn) base pairs. Reprinted with 
permission from McConnell, EM., Bolzon, R., Mezin, P., Frahm, G., Johnston, M 
and DeRosa, MC. pHAST (pH-Driven Aptamer Switch for Thrombin) Catch-and-
Release of Target Protein. 2016, 27: 1493-1499. Bioconjugate Chemistry. Copyright 
2016 American Chemical Society. 

 

The pH-driven pHAST nanomachine was designed by extending the 3’-end of the TBA 

with an adenine-containing partial complement (PC) of the TBA sequence. Addition of 

the partial complement allowed for the strategic placement of multiple adenines to 

facilitate A+(anti)•G(syn) base pairing between the TBA and 3’-partial complement 

extension under acidic pH conditions. Förster resonance energy transfer (FRET) was used 

to monitor the conformation changes of pHAST from a G-quadruplex to a hairpin which 

resulted from changes of the solution pH. The pHAST was labelled at the 5’- and 3’- 

ends with the FRET pair cyanine dyes Cy5 and Cy3 respectively (further represented as 

Cy3/Cy5-pHAST). As shown in Figure 3.2, due to the presence of the TBA the 

Cy3/Cy5-pHAST exists mainly in the G-quadruplex conformation at neutral pH. In this 

conformation the Cy3/Cy5-pHAST was able to bind to the target protein, human α-

thrombin. A conformational change from the G-quadruplex to the A+(anti)•G(syn) base 

pair stabilized hairpin occurred upon acidification of the solution. pHAST was designed 

such that the exploitation of pH-sensitive base pairing could afford tunability of 

reversible target binding. In theory, the pH-dependent conformational changes described 

would allow for the binding of the pHAST to the target protein thrombin to be reversibly 

turned on and off by changes in pH. An important design advantage of the pHAST over 
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existing aptamer-based pH-sensitive nanomachines was that it was designed as a 

unimolecular DNA oligonucleotide. Therefore, cyclic regulation of pHAST would yield 

only water as waste. This was advantageous compared to bimolecular nanomachines 

where structure switching is dependent on the presence or absence of complementary 

sequences. Compared to intermolecularly driven structural transitions, intramolecularly 

driven structural transitions are more stable and less affected by concentration effects and 

interfering nucleic acids in cellular environments.320 

Experimentally, the optimal design of the pHAST was determined by examining 

the duplex stability of three TBA partial complements (PC) and the TBA by variable 

temperature UV-Vis spectroscopy.365 The PCs (shown in Error! Reference source not 

found.) were rationally designed to contain terminal (PC1), central (PC2) or both terminal 

and central (PC3) A+(anti)•G(syn) base pairs between the respective PC and the TBA at 

acidic pH (Error! Reference source not found.). The location of canonical Watson-Crick 

base pairing and non-canonical A+(anti)•G(syn) base pairs that would exist in acidic pH 

are indicated by solid and dashed lines respectively.  
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small amount of absorption by duplex DNA was observed at 295 nm. This was likely due 

to the relatively small absorbance at the tail end of the 260 nm peak. Hyperchromicity 

was almost always observed at 260 nm suggesting that some amount of hairpin was 

present in each sample, with the exception of the TBA sample. Though A+(anti)•G(syn) 

base pairs are destabilizing compared to Watson-Crick base pairs, if enough Watson-

Crick base pairs were in close enough proximity, the duplex could still have existed in 

acidic pH.356 Additionally, at the pH conditions measured, given the pKa of the N1 (4.2), 

adenine would have been only partially protonated at acidic pH and so some DNA may 

have existed in the G-quad conformation.366 Considered together, these factors likely 

contributed to a conformational equilibrium in which both the G-quadruplex and duplex 

conformations existed simultaneously. By examining each melting curve at 295 nm, PC3 

was chosen as the optimal PC for the pHAST design. The TBA+PC1 had 27% 

A+(anti)•G(syn) base pair content and was observed to form a stable duplex at both pH 5 

and pH 7.5, likely because the terminally located A•G mispairs were not destabilizing 

enough at pH 7.5 to disrupt the duplex. Conversely, centrally located  A•G mispairs were 

destabilizing enough that TBA+PC2, which also had 27% A+(anti)•G(syn) base pair 

content showed G-quadruplex character at pH 7.5, but the A+(anti)•G(syn) base pairs 

were not stabilizing enough at pH 5 to stabilize the duplex. An increase to 60% 

A+(anti)•G(syn) base pair content with both terminal and central A•G mispairs was 

destabilizing enough at pH 7.5 that the G-quadruplex conformation was observed and 

also stabilizing enough that at pH 5 the A+(anti)•G(syn) base pair stabilized duplex was 

observed, making PC3 the ideal PC candidate for pHAST design. 
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From the melting profiles, the Tm of each duplex at both neutral and acidic pH 

were determined. The Tm of each TBA+CD are summarized in Table 3.1. 

Table 3.2: The melting temperature (Tm) of sequences described in Table 3.1 were 
obtained by UV-Vis spectroscopy. Analysis of the Tm and absorbance profiles at 295 
nm showed that TBA+PC1 showed mostly duplex conformation at both pH 
conditions, and TBA +PC2 revealed that mostly G-quad conformation existed at 
both pH conditions.  The absorbance spectra of TBA+PC3 exhibited G-quad 
character at neutral pH and duplex character at acidic pH.  

DNA pH Wavelength (nm) Dominant 
Structure 

Tm (°C) 

TBA 7.5 295 G-quad 35 ± 4 

5.0 295 G-quad 36 ± 3 

TBA + Comp 7.5 260 Duplex 62 ± 4 

5.0 260 Duplex 57 ± 3 

TBA + PC1 7.5 260 Duplex 50 ± 6 

5.0 260 Duplex 47 ± 6 

TBA + PC2 7.5 295 G-quad 35 ± 3 

5.0 295 G-quad 38 ± 4 

TBA + PC3 7.5 295 G-quad 35 ± 3 

5.0 260 Duplex 70 ± 7 

Abbreviations: TBA (Thrombin Binding Aptamer), Comp (TBA full complement), PC 
(partial complement). 

Differences in the melting temperature data support the trends observed describing the 

structural information inferred from the shapes of the melting curves. There was no 

observable difference between the Tms of the TBA at either neutral or acidic pH which 

suggested the aptamer maintained its G-quad conformation at both pHs with comparable 
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stability. Likewise, the TBA+COMP likely formed an equally stable duplex in both pH 

conditions. The Tms of the duplex formed between the TBA+PC1 at both neutral and 

acidic pH were not observably different. The TBA+PC2 formed a G-quadruplex at both 

neutral and acidic pH with comparable stability. Consistent with the differences observed 

in the melting curves, there was an appreciable difference between the Tms of the 

TBA+PC3 at pH 7.5 and pH 5. Additionally, the TBA+PC3 formed a G-quadruplex at 

neutral pH and showed a Tm similar to those reported for the TBA. Interestingly, based 

on a measureable difference between the Tms, the duplex formed by the TBA+PC3 at 

acidic pH was more stable than the duplex formed by the TBA+COMP at acidic pH. This 

could be due to general destabilization of Watson-Crick base pairing by protonation of 

adenine and cytosine at acid pH. 

After variable temperature UV-Vis revealed PC3 to be the most appropriate PC, 

the final unimolecular pHAST design incorporated a 5’-CTCT-3’ linker between the 

TBA and PC3 (Error! Reference source not found.). The Tm of the pHAST in various K+ 

concentrations was measured to confirm pHAST conformational stability and to 

determine the optimal K+ for pHAST stability. The Tm data are summarized in Table 3.3. 

Table 3.3: Thermal denaturation was used to determine the melting temperature of 
the pHAST in various KCl concentrations. The Tm of the pHAST were consistent 
with values for TBA+PC3 described in Table 3.2.  

KCl (mM) pH Wavelength (nm) Structure Tm (°C) 

0.0 7.5 

 

295 G-quad 30 ± 4 

Duplex 64 ± 7 

7.5 260 Duplex 68 ± 11 
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5.0 

 

295 

 

G-quad 26 ± 7 

Duplex 67 ± 7 

5.0 260 Duplex 66 ± 13 

0.5 7.5 

 

295 

 

G-quad 29 ± 4 

Duplex 66 ± 6 

7.5 260 Duplex 70 ± 14 

5.0 295 

 

G-quad 29 ± 7 

Duplex 73 ± 5 

5.0 260 Duplex 60 ± 11 

5.0 7.5 

 

295 

 

G-quad 32 ± 4 

Duplex 70 ± 3 

7.5 260 Duplex 69 ± 9 

5.0 

 

295 

 

G-quad 33 ± 4 

Duplex 73 ± 3 

5.0 260 Duplex 67 ± 12 

 

At each K+ concentration, there was no appreciable difference between the Tms of the G-

quadruplex measured at 295 nm in neutral and acidic pH conditions. Likewise at each K+ 

concentration, neither the Tms of the duplex measured at 295 nm in both acidic and 

neutral pH, nor the Tms of the duplex measured at 260 nm in both acidic and neutral pH 

were observably different. Additionally, the Tms of the duplexes measured for each K+ 

concentration at 295 nm and 260 nm were not different. Consistent with the TBA+PC3 

data, the Tm of the G-quadruplex measured at 295 nm was appreciably different than the 

Tm of the duplex measured at 295 nm and 260 nm at each K+ concentration. Although K+ 
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concentration has been shown to influence G-quadruplex stability, no measurable 

differences in Tm values of the G-quadruplex in different K+ concentrations were 

observed. This trend was also true for the measured Tms of each respective duplex.  

3.5.2 Evaluation of TBA and pHAST stability and structural transition by circular 

dichroism 

 Circular dichroism (CD) was used to confirm the stability of the TBA in neutral 

and acidic pH. Additionally, it was used to confirm that addition of the 3’-poly A tail did 

not compromise the stability of the G-quadruplex structure of the TBA. The CD spectra 

of the TBA at neutral (7.5) and acidic (5.0) pH, measured at 20°C are shown in Figure 

3.9 A. The relative ellipticities measured at 294 nm over the temperature range of 20°C-

80°C is shown in Figure 3.9 B. 

 

Figure 3.9: The stability of TBA at neutral and acidic pH and the stability of pHAST 
at neutral pH was confirmed by circular dichroism. (A) CD spectra of TBA (2.5 
µM) in either 0.1M sodium phosphate buffer (140 mM NaCl, 0.5 mM KCl, pH 7.5) 
or 0.1M sodium acetate buffer (140 mM NaCl, 0.5 mM KCl, pH 5.0) at 20°C. Each 
of the spectrum shown represent the average of 5 scans of a single sample. (B) 
Relative (F(obs)) ellipticity of TBA (2.5 µM) in either 0.1M sodium phosphate buffer 
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(140 mM NaCl, 0.5 mM KCl, pH 7.5) or 0.1M sodium acetate buffer (140 mM NaCl, 
0.5 mM KCl, pH 5.0) as a function of temperature at 294 nm as monitored by far-
UV circular dichroism with a Jasco 815 spectropolarimeter. Reprinted with 
permission from McConnell, EM., Bolzon, R., Mezin, P., Frahm, G., Johnston, M 
and DeRosa, MC. pHAST (pH-Driven Aptamer Switch for Thrombin) Catch-and-
Release of Target Protein. 2016, 27: 1493-1499. Bioconjugate Chemistry. Copyright 
2016 American Chemical Society. 

The TBA has previously been shown to form a chair-type intramolecular G-quadruplex in 

the presence of potassium as well as other monovalent metal cations.359,367 In the CD 

spectrum, the formation of a G-quadruplex as occurs with the TBA, is represented by the 

presence of a negative band at ~265 nm and a positive bands at ~ 245 nm and ~295 

nm.359,368–371 Consistent with previously reported spectra for the TBA, these bands were 

observed in this work for the TBA prepared in either the 0.1M sodium phosphate buffer 

(140 mM NaCl, 0.5 mM KCl, pH 7.5) or 0.1M sodium acetate buffer (140 mM NaCl, 0.5 

mM KCl, pH 5.0) at 20°C (Figure 3.9 A). The thermal stability of the TBA at neutral 

(pH 7.5) and acidic (pH 5.0) as well as pHAST (pH 7.5) was examined (Figure 3.9 B). 

The relative (F(obs)) ellipticity of the TBA was measured in both the 0.1M sodium 

phosphate buffer (140 mM NaCl, 0.5 mM KCl, pH 7.5) and the 0.1M sodium acetate 

buffer (140 mM NaCl, 0.5 mM KCl, pH 5.0). The thermal melt profiles are shown in 

Figure 3.9 B. The decrease of relative (F(obs)) ellipticity at 294 nm with increasing 

temperature is indicative of melting of the TBA. There was no difference in the melting 

temperature of the TBA in neutral versus acidic pH. To compare the stability of the TBA 

after the addition of the 3’-poly A tail, the thermal melt profile of pHAST in neutral pH 

was obtained and is shown in Figure 3.9 B. The melting temperature of TBA at neutral 

pH (7.5), TBA at acidic pH (5.0) and pHAST at neutral pH (7.5) were determined by 

fitting the relative (F(obs)) ellipticity at 294 nm from 20°C-80°C as 29.7 ± 0.2 °C, 31.1 ± 
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0.2 °C, and  31.1 ± 0.2 °C respectively. These values are similar to those reported from 

the UV-Vis thermal denaturation studies of TBA and pHAST. Given the similarity in the 

melting temperature of the pHAST in neutral pH compared to TBA at either pH, it seems 

the addition of the 3’-poly A tail did not negatively affect the stability of the TBA domain 

of pHAST.  

 Thermal melting temperature analysis of data from the UV-Vis thermal 

denaturation studies supported the hypothesis that the structural conformation of pHAST 

was dependent on pH. To confirm this observation, the CD spectra of pHAST in Tris, 

sodium acetate or sodium phosphate buffered solutions with pH varying from 8.0 to 4.5 

were measured and are shown in Figure 3.10. 

 

Figure 3.10: The CD spectra of pHAST (2.5 µM) at pHs varying from 8.0-4.5. The 
significant structural change between pH values 5.5 and 5.0 is denoted by solid and 
dashed lines before and after the structural transition respectively. The average of 5 
scans of a single sample was used to produce each of the spectra shown. Depending 
on the pH, the pHAST was prepared in one of three different buffers adjusted to the 
appropriate pH value. The buffers were as follows; 10mM Tris-HCl, 0.5mM KCl, 
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pH 8.0; 10mM Tris-HCl, 0.5mM KCl, pH 7.5; 10mM Tris-HCl, 0.5mM KCl, pH 7.0; 
10mM sodium phosphate, 0.5mM KCl, pH 6.5; 10mM sodium phosphate, 0.5mM 
KCl, pH 6.0; 10mM sodium acetate, 0.5mM KCl, pH 5.5; 10mM sodium acetate, 
0.5mM KCl, pH 5.0; 10mM sodium acetate, 0.5mM KCl, pH 4.5. Reprinted with 
permission from McConnell, EM., Bolzon, R., Mezin, P., Frahm, G., Johnston, M 
and DeRosa, MC. pHAST (pH-Driven Aptamer Switch for Thrombin) Catch-and-
Release of Target Protein. 2016, 27: 1493-1499. Bioconjugate Chemistry. Copyright 
2016 American Chemical Society. 

 

From pH values ranging from 8.0 – 5.5 a positive band was observed at ~295 nm, and 

negative bands were observed at ~265 nm and ~250 nm. The broad band at 295 nm is 

consistent with the characteristic 295 nm band of the TBA, but likely also shows overlap 

of the band characteristic of DNA duplexes at 280 nm.372 A distinct structural transition 

was observed between pH 5.5 and 5.0. At pH values below 5.5, strong positive bands 

were observed at ~260 nm and ~295 nm, whereas a strong negative band was observed at 

~245 nm. The bands at ~245 nm and perhaps some overlap at ~265 nm are consistent 

with the spectrum for a poly[d(A)]•poly[d(T)] duplex.372 The spectra suggest there was 

likely a mix of G-quadruplex and duplex in both the neutral and acidic conditions. 

Additionally, the blue-shifts of the bands at ~295 nm and ~ 265 nm characteristic of the 

TBA (Figure 3.9 A) to a broader peak ranging over 280 and 295 nm and ~250 nm 

respectively for pHAST at pH values above 5.5 are consistent with the shifts observed 

when the TBA was bound to its complement.371 The broad band at ~295 nm for values 

lower than pH 5.5 is likely from residual G-quadruplex structure as well as the expected 

band at 280 nm for the poly[d(A)]•poly[d(T)] duplex.372 
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3.5.3 Determination of conformational switching efficiency 

 To evaluate conformational switching efficiency the Cy3/Cy5-pHAST was 

characterized using fluorescence spectroscopy, summarized in Figure 3.11. At neutral 

pH, the Cy3/Cy5- pHAST existed in the G-quad conformation. In this conformation, the 

emission of Cy3 was high compared to the emission of Cy5 since the dyes were not in 

close enough proximity for resonance energy transfer to occur. In this case, the expected 

Cy3/Cy5 fluorescence intensity ratio was relatively high due to the strong Cy3 emission 

observed. Upon acidification of the solution the Cy3/Cy5-pHAST underwent a 

conformational change to form the A+(anti)•G(syn) base pair stabilized hairpin. In this 

conformation the FRET pair was in close enough proximity that excitation of Cy3 led to 

emission of Cy5 due to resonance energy transfer between the dye pair. Therefore, in this 

conformation the Cy3/Cy5 fluorescence intensity ratio was relatively low due to the high 

emission of Cy5 and subsequently decreased Cy3 emission. Therefore, the ratio of the 

Cy3/Cy5 peak intensity was then interpreted to determine the conformation of Cy3/Cy5-

pHAST. 
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Figure 3.12: The effect of pH cycling on the conformation of the Cy3/Cy5-pHAST 
was monitored over 10 switches in each buffer condition. Each buffer contained 140 
mM NaCl and either 0.0 mM KCl, 0.5 mM KCl or 5.0 mM KCl. The fluorescence 
intensity ratio of Cy3 emission over Cy5 emission was indicative of conformation. At 
low ratio intensities the Cy3/Cy5-pHAST was in the hairpin conformation. At high 
ratio intensities the Cy3/Cy5-pHAST was in the G-quad conformation. The 
fluorescence intensity values of each of the cyanine dyes were not corrected for the 
pH effect on their respective quantum yields. Reprinted with permission from 
McConnell, EM., Bolzon, R., Mezin, P., Frahm, G., Johnston, M and DeRosa, MC. 
pHAST (pH-Driven Aptamer Switch for Thrombin) Catch-and-Release of Target 
Protein. 2016, 27: 1493-1499. Bioconjugate Chemistry. Copyright 2016 American 
Chemical Society. 

 

A consistent trend was observed across K+ concentrations. At pH 7, the Cy3/Cy5 ratio 

intensity was consistently relatively high, and at pH 5 the Cy3/Cy5 intensity ratio was 

consistently relatively low. The change in the Cy3/Cy5 ratio observed between neutral 

and acidic pH, was maintained across multiple cycles for each K+ concentration. The 

greatest change seemed to occur at the 0.5 mM KCl concentration, however, there was a 

large degree of variation within trials at the same concentration and a significant 

difference was likely not present. Variation between trials could have resulted due to 

error in reading the BDH pH 4.5-10 test strips. The pH of the solution, even ± 0.5 could 
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When the Cy3/Cy5 ratio was low (pH 5), the pHAST was in the hairpin 
conformation. The fluorescence intensity values of each of the cyanine dyes were not 
corrected for the pH effect on their respective quantum yields. Reprinted with 
permission from McConnell, EM., Bolzon, R., Mezin, P., Frahm, G., Johnston, M 
and DeRosa, MC. pHAST (pH-Driven Aptamer Switch for Thrombin) Catch-and-
Release of Target Protein. 2016, 27: 1493-1499. Bioconjugate Chemistry. Copyright 
2016 American Chemical Society. 

 

As shown in Figure 3.13, the ratio of Cy3/Cy5 intensity consistently remained relatively 

high or low at neutral and acidic pH respectively, over several pH cycles. Due to 

experimental limitation of volume, additional cycles could not be performed.  

The individual emission spectra and ratios of fluorescence intensity of the FRET 

pair Cy3/Cy5 for each sample were monitored over multiple pH cycles. When examining 

the emission spectra a consistent trend was observed (Figure 3.14). 
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and adjusting the pH respectively. Despite this decrease in fluorescence intensity the ratio 

of Cy3/Cy5 was maintained over multiple pH cycles (Figure 3.12) for each K+ 

concentration investigated. 

To evaluate the effect of salt buildup on the system, trial 1 samples from each K+ 

condition were desalted and then subjected to an additional 5 pH cycles (Figure 3.15 A). 

Further, the initial (post-desalting) Cy3/Cy5 ratio of the highest K+ concentration (5.0 

mM)  sample was compared to the final (pre-desalting) Cy3/Cy5 ratio value to determine 

whether or not salt build up had a significant effect on switching. These data are shown in 

Figure 3.15 B. 
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In each K+ condition, conformational switching was maintained with a Cy3/Cy5 intensity 

ratio that was consistent with the final cycle ratios pre-desalting, suggesting that excess 

Na+ and K+ build up did not hinder conformational change. Combined with the 

observation that fluorescence intensity decreased with increasing cycle, it is likely that 

minimal dilution and volume loss had a greater effect on Cy3/Cy5 ratio than did excess 

salt buildup, as desalting did not return Cy3 and Cy5 intensities closer to their original 

values. To investigate further the effects of dilution and volume loss, the Cy3/Cy5-

pHAST should be investigated in a flow system where the amount of DNA and the 

volume remained constant while the pH was adjusted. Circular dichroism could be used 

to investigate the effect of increasing salt concentration on conformational switching.  

3.5.4 Evaluation of pHAST binding to thrombin 

The ability of the Cy3-pHAST to bind its target over a range of pH (8.0-4.0) was 

evaluated by non-denaturing EMSA. The pH titration curve is shown in Figure 3.16. 
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 To confirm that loss of binding was due to conformational change and not loss of 

affinity of the TBA domain at pH 5, fluorescence anisotropy was performed (Figure 

3.17).  

 

Figure 3.17: The binding of the Cy3-TBA and Cy3-pHAST to thrombin over a 
range of thrombin concentrations was evaluated by fluorescence anisotropy. Error 
bars represent standard deviation. The apparent KDs were; Cy3-TBA (pH 7): 0.45 ± 
0.01 μM, Cy3-TBA (pH 5): 0.46 ± 0.02 μM, Cy3-pHAST (pH 7): 0.63 ± 0.18 μM, 
Cy3-pHAST (pH 5): 1.08 ± 0.18 μM. For each sample, the apparent KD values (KD ± 
Standard Error) were derived from the fit of the average of the closest two data 
points at each concentration. Reprinted with permission from McConnell, EM., 
Bolzon, R., Mezin, P., Frahm, G., Johnston, M and DeRosa, MC. pHAST (pH-
Driven Aptamer Switch for Thrombin) Catch-and-Release of Target Protein. 2016, 
27: 1493-1499. Bioconjugate Chemistry. Copyright 2016 American Chemical 
Society. 

Fluorescence anisotropy confirmed that the TBA was able to bind thrombin at both pH 7 

and pH 5. Further, the Cy3-pHAST at neutral pH was able to bind thrombin with similar 
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at pH 5 due to the small amount of Cy3-pHAST in the G-quad conformation (lanes 9-14: 

top band) as a result of conformational equilibrium. The presence of some pHAST in the 

G-quadruplex conformation at acidic pH was further supported by the remaining G-

quadruplex signature (at 294 nm) in the CD spectra (Figure 3.10). When comparing 

fluorescence intensity in the bottom bands of the gels at pH 7 and pH 5 conditions, it is 

evident that affinity of the Cy3-pHAST is significantly diminished at acidic pH compared 

to the Cy3-pHAST at neutral pH. Looking at the bottom band of the pH 5 gel, Cy3-

pHAST in the hairpin conformation (bottom lanes 9-11) is evident at all thrombin 

concentrations. Unlike the bottom band of the neutral gel in which little to no hairpin is 

observed at comparable concentrations (bottom lanes 1-3). As thrombin concentration 

decreased, the bottom band would have also included non-binding Cy3-pHAST in the G-

quad conformation at both neutral and acidic conditions (bottom lanes 3-8 and 9-14 

respectively). 

3.5.5 Catch-and-Release of thrombin by Cy3-pHAST 

 EMSA (Figure 3.19) and fluorescence anisotropy (Figure 3.20) were used to 

evaluate the ability of Cy3-pHAST to cyclically catch-and-release thrombin.  
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 Fluorescence anisotropy was used to confirm the ability of Cy3-pHAST to catch-

and-release thrombin (Figure 3.20).  The anisotropy was measured in the presence and 

absence of thrombin while the pH was cycled from neutral (pH 7) to acidic (pH 5). There 

was a small change in the measured anisotropy of the Cy3-pHAST due to conformational 

difference in neutral versus acidic pH. However, a much larger difference in the 

measured anisotropy of the Cy3-pHAST-thrombin complex at pH 7 and the non-binding 

hairpin at pH 5 were observed. These data support the EMSA work, suggesting that Cy3-

pHAST was able to cyclically catch-and-release thrombin depending on pH-driven 

conformational changes. When the Cy3-pHAST was in the G-quadruplex conformation 

and capable of binding thrombin, a relatively high anisotropy value was observed. On the 

contrary, when Cy3-pHAST was mostly in the hairpin conformation, a relatively small 

anisotropy value was observed. The differences in the measured anisotropy values can 

again be explained by the existing conformational equilibrium. The data presented 

suggest that when the concentration of thrombin is within the range of the apparent KD of 

Cy3-pHAST for thrombin, the catch-and-release behaviour in neutral and acidic 

conditions is predictable. 
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Figure 3.20: Top) The fluorescence anisotropy was measured Cy3-pHAST with 
thrombin (0.5 µM) in 1 mM sodium phosphate buffer (140 mM NaCl, 0.5 mM KCl) 
during pH cycling. The large difference in size due to target binding, resulted in 
different anisotropy values under neutral (pH 7) versus acidic (pH 5) conditions. 
Error bars represent the standard deviation between three trials. Bottom) The 
fluorescence anisotropy the Cy3-pHAST in 1 mM sodium phosphate buffer (140 
mM NaCl, 0.5 mM KCl) was measured while the pH was cycled to determine the 
effect of pH-dependent structure on anisotropy values. The change in anisotropy in 
the absence of thrombin is shown. The change of conformation of the pHAST from 
G-quadruplex to hairpin resulted in a small change in the measured anisotropy. 
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Error bars represent the standard deviation between three trials. Reprinted with 
permission from McConnell, EM., Bolzon, R., Mezin, P., Frahm, G., Johnston, M 
and DeRosa, MC. pHAST (pH-Driven Aptamer Switch for Thrombin) Catch-and-
Release of Target Protein. 2016, 27: 1493-1499. Bioconjugate Chemistry. Copyright 
2016 American Chemical Society. 

The data presented so far, validate the design of a pH-driven catch-and-release 

aptamer system based on the rational inclusion of the A+(anti)•G(syn) base pair into the 

complementary domain of an aptamer sequence. Though cyclic catch-and-release of 

thrombin was observed, the property of this system was not fully reversible. This was 

likely due to the increase in ionic strength over multiple pH cycles. With increasing ionic 

strength, the negative charge of Cy3-pHAST and/or thrombin would have been 

neutralized, effectively eliminating any electrostatic interactions between the DNA and 

the protein.307 Further binding could have been disrupted by physical changes to the 

protein; thrombin could have become denatured by repeated pH changes and increasing 

ionic concentrations, or it could have aggregated.307 Future work should examine how 

optimization of the buffer conditions or modifying the experimental protocol such that 

fresh thrombin was supplied during the neutral condition might improve the reversibility 

of the catch-and-release behaviour.  
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3.6 Conclusions and future work 

 pHAST, a DNA aptamer-based pH-driven nanomachine, was designed such that it 

was capable of the controlled catch-and-release of a target protein. The rational inclusion 

of the A+(anti)•G(syn) base pair afforded the pHAST nanomachine with pH-responsive 

conformation changes that dictated thrombin binding. This proof-of-concept work 

demonstrates the potential of the A+(anti)•G(syn) base pair to be incorporated into other 

aptamer based pH-switching systems for various delivery applications. Additionally, this 

approach could be used to design not only pH-driven nanoswitches but also incorporated 

into aptamer-based smart material (multifunctional materials exhibiting response to 

external stimuli) systems such as hydrogels and logic gates.27 The addition of pH 

controllable functionality would allow for improved responsive control, sensitivity, and 

selectivity of the material’s response.27 Further, this proof-of-concept work demonstrates 

the potential of including the  A+(anti)•G(syn) base pair to overcome design limitations of 

current pH-responsive aptamer-based sensors based on the traditionally used C•C+ 

mispair (i-motif).348 Aptamers are selected from randomized oligonucleotide libraries that 

typically have equal distributions of each nucleobase. For an effective pH-driven switch 

to be designed from an existing aptamer using the C•C+ mispair, that aptamer would 

need to have elongated stretches of C in the sequence. Aptamers tend to be G and C rich, 

therefore a combination of the commonly used C•C+ mispair and the A+(anti)•G(syn) 

base pair investigated in this work would allow for the design of unimolecular pH-driven 

nanoswitches from most existing aptamers.8 More generally, this work could be applied 

to regulate pH-activated delivery, pH-regulated controlled release, and pH-responsive 

gating of nanoparticles or surfaces.374 
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4 Intra-Accumbens Injection of a Dopamine Aptamer Abates 
MK-801-Induced Cognitive Dysfunction in a model of 
Schizophrenia 
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4.1 Statement of Contributions 

 Experiments were conceptualized by MC DeRosa, EM McConnell, MR Holahan 

and D Madularu. Experiments were designed by MC DeRosa and MR Holahan. DNA 

was prepared by EM McConnell and R. Walsh. Animal preparation and testing were 

done by D Madularu and MR Holahan with assistance from EM McConnell. Histology 

and immunohistochemical quantification were done by D Madularu and MR Holahan. 

Statistical analysis was performed by MR Holahan.  

4.2 Resulting Publications 

This work was published in PLOS One. The manuscript was prepared by MR 

Holahan, D Madularu, EM McConnell and MC DeRosa (Holahan, MR.; Madularu, D.; 

McConnell, EM.; Walsh, R.; DeRosa, MC. PLOS One. 2011, 6, e22239).375 
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4.3 Introduction 

4.3.1 Objectives  

The primary objective of this work was to determine if an aptamer that bound to 

the small molecule neurotransmitter dopamine would maintain its target binding ability 

upon direct injection into the nucleus accumbens in an in vivo model of schizophrenia.  

4.3.2 Schizophrenia – the dopamine hypothesis 

Generally, schizophrenia describes a continuum of subtypes characterized by the 

combination of positive, negative and cognitive symptoms. Positive (psychotic) 

symptoms may include hallucinations and delusions.376 Negative (affective) symptoms 

include flattened affect, amotivation and social withdrawal.377 Deficits in cognitive 

functioning manifest as impairments in attention, processing speed, executive function 

and working memory.378 Though men and women are equally affected, disease onset 

occurs differentially with average ages of 18-25 and 25-35 for men and women 

respectively.379 Due to the high morbidity and mortality rates associated with 

schizophrenia, the burden on health and social care is significant.377 This combined with 

the fact that antipsychotic drugs have remained the standard treatment, despite their 

disruptive side-effects and ineffectiveness for 1 in 3 patients illustrates the requirement 

for a better understanding of the underlying neurobiological dysfunction as well as the 

need to develop alternative treatment strategies.380,381 

 Two main etiological hypotheses based on neurochemical imbalance have been 

significantly investigated. Work towards understanding the role of dopaminergic and 

glutamatergic dysfunction in schizophrenia was reviewed recently.377 The DA 
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hypothesis, the idea that dopamine and dopamine receptor related changes in pre-synaptic 

and post-synaptic dopaminergic system underlie the neuropathology of schizophrenia has 

been investigated since the 1950s.377 Recently, analysis of dopamine synthesis and 

release monitored by multiple studies done with Positron Emission Tomography (PET) 

and molecular imaging with radiotracers  further supported that pre-synaptic dopamine 

synthesis and release are largely elevated in schizophrenic patients compared to matched 

controls.377 Interestingly, dopamine synthesis capacity was consistently elevated in 

patients that were either acutely psychotic or in patients that were experiencing an acute 

psychotic relapse compared to either chronic patients or patients in remission.377 

Additionally, dopamine synthesis capacity was elevated in patients in the prodromal 

phase of schizophrenia and this elevation was an indication of individuals identified as 

ultra-high risk that would later develop psychosis.382  

4.3.3 The ventral tegmental-nucleus accumbens reward circuit, NMDA receptors, 

and MK-801 

The cortical regulation of dopamine release is controlled by an intricate network 

of interconnected glutamatergic, GABAergic and dopaminergic neurons that project 

between cortical and subcortical tissue (Figure 4.1). The major dopaminergic, 

glutamatergic and GABAergic connections between the ventral tegmental area (Figure 

4.1: VTA) and the nucleus accumbens (Figure 4.1: NAc) implicated in the VTA-NAc 

reward circuit of the rodent brain are shown in Figure 4.1 as a simplified schematic.383 

Dopamine release upon reward-related stimuli is modulated by dopaminergic neurons 

that project from the VTA to the NAc. The inter-relationships between these neuronal 
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projections and dopamine release is still not fully understood, however several models 

have been proposed383–385 

 

Figure 4.1: Schematic representation of the ventral tegmental area-nucleus 
accumbens (VTA-NAc) reward circuit. The major dopaminergic (green), 
glutamatergic (red) and GABAergic (blue) projections between the VTA and NAc in 
the rodent brain are shown. Other brain structures shown for reference include; the 
medial prefrontal cortex (mPFC), the striatum, the hippocampus (Hipp), the 
amygdala (Amy), the lateral dorsal tegmentum (LDTg), the rostromedial 
tegmentum (RTMg), the lateral habenula (LHb) and the lateral hypothalamus (LH). 
Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews 
Neuroscience, (Russo, SJ., and Nestler, EJ. The brain reward circuitry in mood 
disorder. 2013. Nature Reviews Neuroscience. 14:609-625)383 copyright 2013.  

Recall that N-methyl-D-aspartate (NMDA) receptors are involved in glutamate 

mediated synaptic transmission (see section 1.4.6.2.2).250 Systemic administration of 

NMDA receptor antagonists such as MK-801 have been shown to produce behavioural 

effects in animal models similar to the symptoms observed in patients with 

schizophrenia.378,386 One of the most commonly proposed mechanisms is the MK-801 

induced hypofunction of NMDA receptors that leads to the disinhibition of glutamate and 

dopamine release.387 In particular, systemic administration of MK-801 was shown to 
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produce hyperlocomotion, ataxia and stereotyped behaviour in rodents.388–390 On a 

cellular level, systemic administration of MK-801 was shown to stimulate the activity of 

mesolimbic dopaminergic neurons of the VTA which resulted in increased release of 

dopamine in brain regions such as the NAc.391,392 Work done to examine the actions of 

MK-801 on dopamine release was reviewed by Yan et al., 1997.393   

4.3.4 Justification for the MK-801 model of perseveration 

In particular, cognitive deficits in executive function and working memory 

prevent individuals with schizophrenia from unlearning behaviour. Cognitive function is 

affected such that the individual is not able to change, or inhibit their behavioural 

tendencies once they have learned a task regardless of whether the behavioural tendency 

they exhibit is contextually appropriate or not. Characteristic of individuals with 

schizophrenia, this is referred to as perseveration.394,395  

In this work, perseveration was modeled by behavioural evaluation in an 

appetitive task following MK-801 administration. The behavioural model was made up of 

two phases: acquisition and extinction. During the acquisition phase, the animals were 

placed in an operant conditioning chamber (Figure 4.2) and trained to press a lever two 

times. Over a period of 5 consecutive days, the animals learned that pressing the left lever 

twice resulted in a chocolate pellet reward. As additional stimuli, the house light went off 

and the panel light located above the delivery box changed from red to green. Correct 

(pressing the left lever) and incorrect (pressing the right lever) pressing as well as nose 

pokes (as an indication of checking for the chocolate pellet reward) were recorded over a 

30 minute period. During the extinction phase, correct lever pressing did not result in a 
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chocolate pellet reward. Normal rodents were able to inhibit their behavioural tendencies 

such that the extinction phase started with high lever pressing, but behavioural frequency 

was rapidly extinguished.  

 

Figure 4.2: Illustration of the operant conditioning chamber. During the acquisition 
phase the animal is trained to press the lever twice, which shuts off the house light, 
changes the panel light from red to green and results in the delivery of a chocolate 

Previously, Holahan et al., (2010) showed that the administration of a moderate dose 

(0.05-0.1 mg/kg) of MK-801 could be used to model perseveration in rodents during the 

extinction phase of the appetitive test.395 As described above, in this work animals were 

trained during the acquisition phase to press the left lever twice to receive a chocolate 

pellet reward. Acute MK-801 administration led to significantly elevated lever pressing 

in 0.1 mg/kg dose-treated rodents compared to control animals (saline treated). Neither 

the 0.05 mg/kg dose nor the 0.15 mg/kg dose showed a significant increase in correct 
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lever pressing compared to saline treated controls. Likely the 0.05 mg/kg dose was not 

high enough to affect motor or cognitive behaviour, in contrast the 0.15 mg/kg dose 

negatively impacted motor behaviour, which led to decreased lever pressing overall.  The 

effect of MK-801 administration on locomotor activity was assessed using an elevated 

cross maze. In this study, D1 and D2 receptor antagonists were shown to normalize MK-

801 induced behaviour. The data from this study was interpreted to suggest that treatment 

with MK-801 resulted in an over activity of dopamine in the nucleus accumbens (NAc) 

that manifested as cognitive deficits consistent with perseveration. 

4.3.5 Dopamine-binding aptamers (DBAs) 

 Previously, Mannironi et al. (1997) selected an RNA aptamer that binds to 

dopamine with low micromolar affinity as determined by equilibrium filtration.280 The 

specificity of the aptamer was evaluated by affinity chromatography. Of particular 

relevance, the aptamer showed some affinity to norepinephrine (58 ± 13 % of dopamine 

elution). Secondary structure analysis was used to predict that the aptamer formed a 

dopamine binding pocket through the interaction of two stem-loops. The RNA aptamer 

for dopamine has since been further investigated and multiple aptamer-based sensors 

have been described. These are discussed in Chapter 6.  

 The DNA aptamer used in the experiments described in this chapter was reported 

by Walsh and DeRosa (2009).396 In this study, the DNA homolog of the RNA aptamer 

described by Mannironi et al. was prepared.280 Interestingly, the affinity of the DNA 

aptamer for dopamine (and norepinephrine) was maintained. Further, mutational analysis 

suggested the binding site was maintained between nucleic acid types. This work was an 
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important example of the retention of aptamer function between RNA and DNA versions 

of the same aptamer sequence. Previously, only sequences that formed G-quadruplexes 

were shown to maintain similar functionality.289 Before this example, similar binding 

affinity had not been observed for aptamers forming other secondary structures.60,290 Like 

the RNA aptamer for dopamine, the DNA homolog has also be investigated extensively 

in sensor design (see Chapter 6). 

4.3.6 The dopamine-binding aptamer hypothesis 

The hypothesis that formed the foundation of this work was the idea that the DNA 

homolog of the dopamine-binding aptamer could attenuate dopamine-related behaviour 

by binding directly to synaptic dopamine, thereby rendering the dopamine unable to 

interact with post-synaptic receptors and autoreceptors. This interaction would effectively 

normalize synaptic dopamine concentrations until the excess dopamine was removed by 

naturally occurring mechanisms. In accordance with this hypothesis, following injection 

of the DNA homolog DBA directly into the nucleus accumbens of rodents, MK-801-

induced deficits in behaviour (due to elevated synaptic dopamine) would be normalized. 

The measure of affinity an aptamer has for its target is represented by the 

dissociation constant (KD). This value represents a range of concentrations around which 

equilibrium of aptamer-target binding exists. Importantly, because of the micromolar 

dissociation constant of the DNA homolog DBA, the aptamer should only bind to 

dopamine and exert a noticeable effect on behaviour when dopamine concentrations are 

elevated above basal levels. Further, the DNA homolog DBA should not bind to 
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dopamine when concentrations are at basal levels and therefore should not have 

deleterious effects on normal behaviour.  

Though acting by a direct rather than indirect method, the effect of the aptamer on 

behaviour would be similar to the normalizing effect of D1/D2-like receptor antagonists 

on MK-801-induced deficits in behaviour. Traditional, D1/D2 dopamine receptor 

antagonists bind to dopamine receptors and prevent the effects of receptor agonists, 

thereby indirectly decreasing the effect of dopamine.397 Since the aptamer binds directly 

to dopamine and does not interact with D1/D2-like receptors, treatment with the 

dopamine binding aptamer was hypothesized to lead to reductions in perseveration that 

would be similar to that observed after treatment with D1/D2 receptor antagonists. 

 

  

183 

 



4.4 Materials and Methods 

4.4.1 DNA and MK-801 preparation 

 The DNA homolog DBA (5’- 

GTCTCTGTGTGCGCCAGAGACACTGGGGCAGATATG 

GGCCAGCACAGAATGAGGCCC-3’) and random oligonucleotide control (5’-

AGAATCTGTCGGGCTATGTCACTAATACTTTCCAAACGCCCCGTACCGATGCT

GAACA-3’) were prepared using standard phosphoramidite chemistry on an automated 

DNA Synthesizer (MerMade, BioAutomation). Phosphoramidites (dA-CE, Ac-dC-CE, 

dmf-dG-CE and dT-CE), activator solution, cap A and cap B solutions, deblock solution, 

oxidizer solution and acetonitrile were purchased from Glen Research. 1.0 μmole 

synthesis columns (dC(Ac) and  dA(Bz): 500 Å) were purchased from BioAutomation. 

The DNA sequences were purified by 12% polyacrylamide gel electrophoresis (PAGE). 

DNA was extracted from the gel by incubation and agitation in water at 37°C overnight. 

Gel pieces were removed by filtration with a 5 mL syringe (BD) through a PES 0.45 μm 

30 mm diameter syringe filter (Mandel Scientific). The filtrate was lyophilized 

(Labconco) then resuspended in a minimal amount of deionized water and desalted using 

Amicon Ultra Centrifugal Filter Units (Millipore) with a molecular weight cut off of 

3000 g/mol. Sequence masses were confirmed by ESI-MS (Novatia). Following 

quantification by UV-Vis spectroscopy (Cary UV), the DNA solution was prepared to the 

appropriate concentration (200 nM) in 10 mM Tris buffer (pH=7.4).  

 MK-801 (Sigma Aldrich, IUPAC name:[5R,10S]-[+]-5-methyl-10,11-dihydro-

5H-dibenzo[a,d]cyclohepten-5,10-imine) was prepared the day of testing to 0.10 mg/kg 
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(pH=7.4) in 0.9% sterile saline from a stock solution (1.0 mg/mL) in 0.9% sterile saline 

stored frozen (-20°C). The chosen dosage was based on previous work.394,398–400 

4.4.2 Ethics Statement 

 Experiments that required animals were designed and performed in accordance 

with the National Institutes of Health (NIH) Guide for the Use and Care of Laboratory 

Animals as well as the Canadian Council on Animal Care (CCAC) guidelines. Approval 

was obtained from the Carleton University Animal Care Committee (AUP ID P09-16). 

4.4.3 Subjects 

 Male Long Evans rats (n=31) purchased from Charles River (St. Constant, 

Quebec, Canada) were housed in polycarbonate cages (48x26x20 cm) in groups of two 

pre-surgery and individually post-surgery. The temperature (21°C) and lighting (12-hour 

light/dark cycle, lights on at 0800) of the vivarium in which the rats were housed were 

controlled. To minimize stress, animals were handled for 5 min each day for a period of 7 

days. Pre-surgery and for 10 days post-surgery, animals were fed rat chow (Purina) ad 

libitum. After an approximately 10 day recovery period the rats’ diet was restricted 

(approximately 8 days) until the animal weighed 85% of its initial weight (250-300 g). 

4.4.4 Intracranial surgical procedure 

 Anesthesia was induced in the animals using ~3% isoflurane in pure oxygen gas. 

To prepare the animals for surgery, their scalps were shaved and the exposed tissue was 

cleaned with 70% surgical alcohol and iodine solution. The animals were fixed in a 

stereotaxic apparatus (Stoeling Instruments) using lateral ear bars. Pain and discomfort 

were minimized by the application of Xylocaine to the tips of the ear bars.  Eye dryness 
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and damage were prevented by the application of tear gel to the surface of the eyes. 

According to the following coordinates relative to bregma: antero-posterior (AP) = -1.7, 

latero-medial (LM) = ± 1.5 and dorso-ventral (DV) = -6.0, two stainless steel guide 

cannula (12 mm, 25 Ga) were bilaterally implanted in to the nucleus accumbens (Acb). 

Dental cement was used to secure each cannula in place and obturators (32 Ga) were 

inserted. Following cannula insertion, Polysporin and Lidocaine were applied around the 

insertion site to prevent infection and minimize pain. Additionally at 0,12 and 24 h post-

surgery, Metacam (0.2 mL) was administered subcutaneously to prevent pain. Cannula 

placement was confirmed as described in section 4.5.2.1. 

4.4.5 Behavioural testing: Operant Conditioning Procedure 

 Two phases of behavioural training were performed after at least 10 days of 

recovery from surgery. In the first phase, acquisition, animals were trained in operant 

conditioning chambers with dimensions of 30.5 cm wide x 25.5 cm deep x 30.5 cm high 

(Coulbourn Instruments) that were housed in insulated casings. The chambers were 

equipped with a house light, two response levers, a panel of three LED lights (red, yellow 

and green) and a food hopper with pellet dispenser (see Figure 4.2). When the left 

response lever was pressed, the house light switched off, the red panel light changed to 

green and one 45 mg chocolate pellet reward (BioServe, New Jersey) was released from 

the pellet dispenser into the food hopper. Left response lever presses were recorded as 

correct (eliciting a reward) and right lever presses were recorded as incorrect. Cumulative 

lever presses were recorded over a period of 30 min each day for a 5 consecutive days. 
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 The second phase of operant conditioning was extinction. During the extinction 

session animals were placed in the operant conditioning chambers described for the 

acquisition phase. In this phase, correct lever pressing initiated environmental changes 

(house light switched off and panel light changed from red to green) but no chocolate 

pellet reward was dispensed into the food hopper. The extinction session occurred three 

days following the final acquisition day. Cumulative lever presses were recorded over a 

period of 30 min. A video was taken of the entire session. 

4.4.6 Behavioural testing: Locomotor testing 

 Locomotor testing in an elevated (75 cm), closed wooden cross maze (60x9 cm 

arms) was performed with a subset of rats (n = 25) one week after extinction testing. At 

the beginning of the test, each animal was placed into the center of the maze and their 

horizontal activity was monitored for 30 min. An HVS Image 2100 Plus tracking system 

(HVS Image Ltd, UK) was used to record distance traveled, arm entries and speed. 

4.4.7 Administration 

4.4.7.1 Central – intra accumbens injections 

 The dopamine binding aptamer, random oligonucleotide control and tris buffer 

vehicle were injected directly into the nucleus accumbens. Following the removal of the 

obturators, two stainless-steel injection cannula (13 mm, 32 Ga) that were each connected 

to 10 μL Hamilton syringes by polyethylene tubing were inserted into the guide cannula. 

The rate at which a 0.5 μL injection (0.25 μL/min) was delivered by the syringes was 

controlled by an injection pump (Braintree Scientific, Inc.). To allow the injection to 

diffuse into the target nucleus accumbens tissue, the injection cannulai were left in place 
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for 60 s post-injection. Animal stress was minimized by allowing the animals to move 

freely around their home cage during the injection. 

4.4.7.2 Peripheral – subcutaneous injections 

 Either MK-801 (300 μL of 0.1 mg/kg) or saline were administered via 

subcutaneous injection immediately following the intra-accumbens injection.  

4.4.7.3 Administration test groups 

 All animals were run tested in the operant conditioning procedure and a subset of 

animals (n=5/group) were run through the locomotor testing. Experimental groups were 

as follows: intra-accumbens injection of  tris buffer and subcutaneous saline (0 

nM/saline, n=5); intra-accumbens tris buffer injection and subcutaneous MK-801 (0 

nM/MK, n=7); intra-accumbens  injection of 200 nM aptamer  and subcutaneous 

injection of MK-801 (200 nM/MK, n=7); intra-accumbens random oligonucleotide 

injection and subcutaneous MK-801 (random/MK, n=7); intra-accumbens injection of 

200 nM aptamer and subcutaneous saline (200 nM/saline, n=5).  

4.4.8 Confirmation of cannula placement 

Sections used to verify cannula placement were additionally stained with cresyl 

violet as follows. Slides were rinsed with distilled water and placed in a 1% cresyl violet 

solution for 3 minutes. Excess stain was washed with distilled water, and the slides were 

immersed in 0.8% acetic acid solution for 3-5 min. Slides were placed in clarene solution 

for 15 minutes and then a cover slip was applied using Clarion mounting medium. 

Photographs of the brain slices were taken using an Olympus light microscope at 4X and 

10X magnifications. 
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4.4.9 Histology and Immunohistochemisty  

4.4.9.1 Preparation of samples for Immunohistochemistry 

 Immediately post extinction testing, animals that had been injected 

subcutaneously with 0.1 mg/kg MK-801 and either 200 nM aptamer (n=3) or tris buffer 

(n=3) were euthanized to examine the in vivo effects on the nucleus accumbens. Brains 

were fixed by immersion in 4% paraformaldehyde (in 0.01 M phosphate buffer, pH = 

7.4) at 4°C as previously described.401 Tissue was incubated with primary antibodies, 

either mouse anti-tyrosine hydroxylase (1:1000; Immunostar) or rabbit anti-

phosphorylated tyrosine hydroxylase (S40, 1:500; Abcam) at room temperature, 

overnight. Secondary antibody incubation with either goat anti-mouse 488 or goat anti-

rabbit 594 (1:500; Molecular Probes) respectively was performed at room temperature for 

2 h. Slices (30 μm) were mounted on glass slides and cover-slipped using Fluoromount 

(Sigma) in preparation for immunohistochemical quantification.  

4.4.9.2 Immunohistochemical quantification 

 An Olympus BX61 microscope (Olympus Canada, ON) was used to obtain digital 

images of the nucleus accumbens core and shell regions (20X, NA 0.4; InVitro version 

3.2.2l Media Cybernetics, MD). Photobleaching was reduced and intensities across 

subjects were equalized by using the same exposure time. Image-Pro Analyzer (version 

6.2.1.491; Media Cybernetics, MD) was used to generate pixel intensity maps for both 

the TH and pTH stained samples. In brief, the generation of five horizontal lines across 

the entirety of the nucleus accumbens region allowed for the collection of intensity 

measures starting at the anterior commissure, then the accumbens core and finally the 
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shell. This allowed for the generation of an average raw pixel intensity profile. Since core 

staining at the exposure times used was negligible, intensity measurements in the anterior 

commissure were used to normalize intensity measurements of the shell. To account for 

variation in staining or image processing, statistical analyses (t-tests) between groups 

were made based on normalized intensities of TH intensity, pTH intensity and the ratio of 

pTH:TH. 
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4.5 Results and Discussion 

4.5.1 Behavioural data and discussion 

4.5.1.1 Behavioural testing: Acquisition 

During the acquisition phase, animals were trained (drug-free) during a 30 min 

session for five consecutive days. On each day animals were trained to press the correct 

lever twice and subsequently receive a chocolate pellet reward. Over the 5 consecutive 

acquisition sessions the animals learned that correct lever pressing led to a chocolate 

pellet reward. Examining the cumulative presses/5 min interval over the 5 consecutive 

days revealed that maximum pressing for all groups was reached between the third and 

fourth session (Figure 4.3).  

 

 

Figure 4.3: During the acquisition phase, the cumulative correct lever presses/5 min 
interval over the 30-min session, by day reached a maximum between days 4 and 5. 
Groups were randomly assigned to be pretreated with intra-accumbens vehicle (0 
nM/MK; n=7), aptamer (200 nM/MK; n=7), random oligonucleotide control 
(Random/MK; n=7), saline control (0 nM/MK; n=5) and aptamer/saline control (200 

0

200

400

600

800

5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30

C
um

ul
at

iv
e 

Pr
es

se
s/

 
5 

m
in

 in
te

rv
al

Days divided into 5 min bins

0 nM/ MK (7)

200 nM/ MK (7)

Random/ MK (7)

0 nM/ Saline (5)

200 nM/ Saline (5)

191 

 



nM/Saline; n=5). Numbers in parenthesis = animals per group. Data expressed as 
mean ± SEM. 

To determine whether or not there was a significant difference between the 

acquisitions (correct lever pressing) of the randomly assigned groups, the mean 

presses/day for each group were compared and are shown in Figure 4.4. 

 

 

Figure 4.4: Summary of mean correct lever presses by day during the acquisition 
phase. Groups were randomly assigned to be pretreated with intra-accumbens 
vehicle (0 nM/MK; n=7), aptamer (200 nM/MK; n=7), random oligonucleotide 
control (Random/MK; n=7), saline control (0 nM/MK; n=5) and aptamer/saline 
control (200 nM/Saline; n=5). Two-way ANOVA (day by group) revealed a 
significant effect of day (F(4,16) = 94.44, p<0.001), and no group differences (F(4,26) 
= 1.57) or interaction (f(16,104) = 1.27). p<0.05; numbers in parenthesis = animals 
per group. Data expressed as mean ± SEM. 
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group). There was a main effect of day on the mean number of correct presses observed 

(F(4,16)=94.44, p<0.001) supporting the observation that correct lever pressing increased 

by day. As expected, neither a significant difference between groups (F(4,26) = 1.57) nor 

an interaction (F(16,104) = 1.27) were observed. The statistical analysis suggests that 

each group was able to learn the task as expected.  Mean cumulative correct presses 

increased over the acquisition period. This reflects that animals learned to press the lever 

twice to receive a chocolate pellet and by the last day were pressing the lever upwards of 

600 times. 

4.5.1.2 The efficacy of the DBA was tested in an MK-801 induced model of 

schizophrenia-like cognitive deficits 

MK-801 has been proposed to increase the firing rates of mesolimbic 

dopaminergic neurons and therefore increase dopamine output in the striatum and frontal 

cortex.402–405 Administration of MK-801 has been used to produce a rodent model of 

cognitive deficits associated with schizophrenia wherein, rodents treated with moderate 

doses of MK-801 (0.05-0.1 mg/kg) showed persistent elevated lever pressing throughout 

the duration of an entire 30 min extinction session.395 In this same study, pre-treatment 

with D1/D2-like receptor antagonists resulted in normalized extinction behaviour. There 

are two particularly relevant models of schizophrenia-like cognitive deficits which may 

explain these observations. Carlsson and colleagues proposed that cortical dopamine 

output is regulated by complementary “accelerator” and “brake” pathways (Figure 

4.5).406,407 In this model, the brake pathway is made up of glutamate and GABA 

synapses, which help to regulate monoamine neurotransmitter (for example dopamine, 
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Previously, MK-801 administration was shown to reduce neural activation of the 

infralimbic cortex, and elevated extinction pressing was observed.395 From this work, 

Holahan et al. proposed that MK-801 may reduce cortical glutamatergic control and 

therefore increase the rates of midbrain dopaminergic activity, which would result in the 

enhanced dopamine-dependent extinction pressing representative of perseveration.  

 Alternatively, treatment with MK-801 may have led to the alteration of the 

fundamental motivational state, which would have intensified the reinforcing properties 

of the conditioning cues (such as the change in the house-light and the chocolate pellet 

reward). Previously, MK-801 was shown to increase the effect of food-motivated 

behavioural responses in both conditioned and unconditioned scenarios.408–410 

Additionally, Holahan et al., showed that MK-801 treatment led to prolonged progressive 

ratio responding compared to saline-treated control animals.395 In these cases, these 

enhanced behavioural responses are likely due to MK-801 related elevated dopamine 

concentrations in the nucleus accumbens (which is consistent with the accelerator/brake 

model), MK-801 related deficits in signaling processes that are involved in the 

termination of eating and satiety signaling, or the MK-801 initiation of non-specific 

perseveration of ongoing behaviours.395,409,411,412 Regardless of underlying mechanism, 

the behavioural changes observed in the extinction testing are most likely due to elevated 

dopamine concentrations in the nucleus accumbens. For these reasons, the nucleus 

accumbens was chosen as the site of aptamer injection. 
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4.5.1.3 Behavioural testing: Extinction 

The ability of the DBA to attenuate behaviour was examined during an extinction 

session. Following the acquisition phase and a consecutive 48 h non-test interval, the 

animals were systemically injected with either MK-801 (0.1 mg/kg/ml) or saline and 

acutely injected (0.5 µL per hemisphere) into the nucleus accumbens with the aptamer, a 

random oligonucleotide control, or tris buffer vehicle. Fifteen minutes following systemic 

injections the animals were placed into the operant conditioning chamber for a 30 minute 

session. The following groups were examined where the intra-accumbens treatment was 

followed by the systemic treatment: tris buffer and MK-801 (0 nM/MK; n=7), 200 nM 

aptamer and MK-801 (200 nM/MK; n=7), 200 nM random oligonucleotide control and 

MK-801 (Random/MK; n=7), tris buffer and saline (0 nM/Saline; n=5), and 200 nM 

aptamer and saline (200 nM/Saline; n=5). During the extinction phase, the animals were 

not rewarded with a chocolate pellet following correct lever pressing. The extinction 

session was video recorded. 30-second video samples from approximately 20 min into 

the 30 min session for a rat directly injected with aptamer and systemically injected with 

MK-801 (Video 1) and a rat treated with direct injection of tris buffer and systemically 

injected with MK-801 (Video 2) are available to view online as supporting info for the 

published article at the following digital object identifiers; 

doi:10.1371/journal.pone.0022239.s001, and doi:10.1371/journal.pone.0022239.s002 

respectively.375 In the videos, the control animal (0 nM/MK) continues to press the lever 

repeatedly and check the food delivery box despite not receiving a chocolate pellet 

reward. This animal is shown to perseverate. On the contrary, the aptamer treated animal 

(200 nM/MK) was able to extinguish the pressing behaviour, and perseveration was not 
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observed. The animal pressed the lever a few times, checked for a reward and then 

stopped pressing the lever completely. The mean cumulative correct presses over the 

entire session for each group are summarized in Figure 4.6.  

 

Figure 4.6: Cumulative correct lever presses during the extinction phase (30 min 
session). Groups pretreated with intra-accumbens vehicle (0 nM/MK; n=7), aptamer 
(200 nM/MK; n=7), random oligonucleotide control (Random/MK; n=7), saline 
control (0 nM/MK; n=5) and aptamer/saline control (200 nM/Saline; n=5). Two-
way, repeated measures ANOVA (group by 5 min time interval) revealed a 
significant main effects of group (F(4,26) = 3.84, p<0.05) and interval (F(5,20) = 
56.74, p<0.001). Significant interactions between interval and group were observed 
(F(20,130) = 6.47, p<0.001). *, p<0.05. Numbers in parenthesis = animals per group. 
Data expressed as mean ± SEM. 

A two-way, repeated measures ANOVA (group by 5-min interval) was used to analyze 

the mean cumulative correct lever presses during the extinction session. Main effects of 

group (F(4,26) = 3.84, p<0.05) and interval (F(5,20) = 56.74, p<0.001) were observed. 
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Additionally, a significant interaction between interval and group (F(20,130) = 6.47,  

p<0.001) was revealed. Comparison between groups by post-hoc analysis using Fisher’s 

Least Significant Difference (LSD) revealed significant differences between the 200 

nM/MK group and the non-aptamer treated group, 0 nM/MK (p<0.05). This suggests that 

the aptamer had a normalizing effect on extinction pressing behaviour. Additionally, 

there was a significant difference between the 200 nM/MK group and the random/MK 

group (p<0.05), but no significant difference between the random/MK group and the 0 

nM/MK group. This random/MK control group was important to include to show that the 

presence of foreign DNA alone was not responsible for the marked decline in extinction 

pressing. Comparison of the 200 nM/MK group to both the 200 nM/saline and 0 

nM/Saline groups showed no significant difference, further supporting that treatment 

with 200 nM aptamer can normalize extinction pressing behaviour to that of non MK-801 

treated controls. The results of this study indicated that extinction was successfully 

instated following aptamer (200 nM) pre-treatment of MK-801 induced 

hypoglutamatergic/hyperdopaminergic animals. Consistent with the theory that MK-801 

causes over activation of the mesolimbic dopaminergic system and therefore animals fail 

to achieve extinction behaviour, MK-801-treated control animals showed elevated lever 

pressing. However, these data suggest that the aptamer was able to successfully bind 

dopamine within the nucleus accumbens and in doing so, normalized extinction 

behaviour by dampening the effects of MK-801. 

 Cumulative incorrect lever pressing was also recorded. The mean cumulative 

incorrect lever pressing, by 5-min interval for the entire 30 min extinction session for 

each group are shown in Figure 4.7.  
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Figure 4.7: Cumulative incorrect lever pressing during the extinction phase. Groups 
pretreated with intra-accumbens vehicle (0 nM/MK; n=7), aptamer (200 nM/MK; 
n=7), random oligonucleotide control (Random/MK; n=7), saline control (0 
nM/MK; n=5) and aptamer/saline control (200 nM/Saline; n=5). A two-way 
ANOVA (group by 5-min interval) revealed no significant main effect. Numbers in 
parenthesis = animals per group. Data expressed as mean ± SEM. 

 

 Statistical analysis by two-way ANOVA (group by 5-min interval) revealed no 

significant differences between groups. This measure was an important control as it 

provided evidence that the effect of MK-801 was specific to extinction behaviour and the 

associated correct lever pressing, since MK-801 treated animals showed specifically 

elevated correct lever pressing and not just elevated lever pressing overall.  
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 During the extinction session the number of nose pokes, a behaviour indicative of 

reward seeking was recorded. The mean nose pokes per 5 min interval for each group are 

summarized in Figure 4.8.  

 

Figure 4.8: Nose pokes during the extinction session as an indication of reward 
seeking behaviour. Groups pretreated with intra-accumbens vehicle (0 nM/MK; 
n=7), aptamer (200 nM/MK; n=7), random oligonucleotide control (Random/MK; 
n=7), saline control (0 nM/MK; n=5) and aptamer/saline control (200 nM/Saline; 
n=5). A two-way ANOVA revealed a significant main group effect (F(4,26) = 6.10, 
p<0.05). Numbers in parenthesis = animals per group. Data expressed as mean ± 
SEM. 

Animals that were able to extinguish pressing behaviour would be expected to show 

decreased nose pokes as the extinction session progressed. A two-way (group by 5 min 

interval), repeated measures ANOVA was performed. Analysis revealed a main effect of 

group (F(4,26) = 6.10, p<0.05) and a significant interaction between nose pokes and 
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groups (F(20,130) = 1.92, p<0.05). Post-hoc analysis by Fisher’s LSD revealed a 

significant decline in mean nose presses between the 200 nM/MK and Random/MK 

groups (p=0.020). A decrease in mean nose pokes of the 200 nM/MK group compared to 

the 0 nM/MK group was observed, but the difference was not significant (p=0.171). The 

differences observed between the mean nose pokes of the 200 nM/MK group and both 

the saline control groups were not significant (p<0.05). Since nose pokes are a secondary 

indication of reward seeking behaviour, the overall decrease in nose poke behaviour of 

the 200 nM/MK group compared to the MK-treated controls is perhaps indicative of a 

decreased tendency of these animals to seek the chocolate pellet reward.  

4.5.1.4 Behavioural testing: Locomotor activity 

 One week following the extinction, a subset of animals was randomly reassigned 

for locomotor testing. To minimize the conflicting influence of anxiety, the locomotor 

activity of each animal was testing in an elevated cross maze with closed arms (shown in 

Figure 10 A), as opposed to one with open and closed arms which is typically used to test 

anxiety.413 Following intra-accumbens injection with aptamer, random oligonucleotide 

control or tris and either MK-801 or saline, the animals were placed in a closed, elevated 

cross maze. Over a 30 min period distance traveled (m), speed (m/s) and arm entries data 

was collected and is shown in Figure 4.9. Arm entries measurements were collected 

automatically and manually. The number of animals in the 200 nM/saline group is 

smaller than the other groups because the data from one animal was lost.  
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nM/saline treated group (*, p<0.05). These data are consistent with previous studies 

which have shown that horizontal locomotor activity is elevated in MK-801-injected 

animals, regardless of the apparatus used to measure motor behaviour.395,414–416 An 

important conclusion from this data is that a general lack of locomotor activity was not 

responsible for the extinction observed in the 200 nM/MK group since there was no 

difference in locomotor activity between the MK-801 injected control and experimental 

groups. There was a significant reduction in the number of arm entries observed for the 

200 nM/saline group compared to the MK-801 treated groups, however the 200 

nM/saline group was not significantly different from the 0 nM/saline group. Therefore, it 

is unlikely that the observed reduction of arm entries of the 200 nM/saline treated group 

was due to an effect of the aptamer on locomotor behaviour. 

4.5.1.5 Behavioural effects as a result of the DBA’s affinity for dopamine 

 Aptamers interact with their cognate target through some combination of 

hydrogen bonding, stacking interactions, electrostatic interactions, and van der Waals 

forces.417 The strength of these interactions is quantitatively described as the affinity of 

the aptamer for its target. The affinity an aptamer has for its target is represented by the 

dissociation constant (KD).418 The dissociation constant also effectively describes the 

working concentration range of the aptamer, and therefore the rational choice of an 

aptamer with a particular dissociation constant would yield noticeable effects from 

significant target binding only in instances where the target, in this case dopamine was 

well above basal levels. The DBA was chosen as a good candidate to investigate because 

it was shown to exhibit KD values in the hundreds of nanomolar range for both DA and 
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NE. Basal levels of DA in the nucleus accumbens are typically 50 to 70 times less than 

the KD values of the aptamer for DA and NE.419 Therefore, the aptamer-DA binding was 

expected to be very low, producing no noticeable behavioural effects in animals with 

basal catecholamine levels.  In fact, no behavioural effects were observed in non-MK-

801-treated animals who had received the aptamer pre-treatment. During the extinction 

testing, the mean cumulative correct lever pressing of the 200 nM/Saline group was not 

significantly different than the 0 nM/Saline group. Further, the 200 nM/Saline group was 

not significantly different than the 0 nM/Saline group on any measure of locomotor 

behaviour (distance travelled, speed, or arm entries). 

 Dopamine concentrations in the nucleus accumbens were previously shown to 

increase by 135-145% in MK-801 treated rats.393 Additionally, similar increases in 

dopamine concentrations were observed in animals presented with cues previously 

associated with a food reward.420 Since similar dopamine concentration increases likely 

occurred during the extinction experiment described herein, the dopamine concentration 

(though below the KD of the aptamer) in the nucleus accumbens of examined animals 

may have been elevated enough that aptamer binding resulted in noticeable behavioural 

effects. 

 Finally, the ability of the DBA to bind NE should be addressed. Though the 

aptamer has similar affinity to both DA and NE, both the basal and abnormal 

concentrations of NE are approximately an order of magnitude lower in the nucleus 

accumbens than those of DA.393 As such, the DBA would preferentially bind to DA and 

therefore DBA-NE binding would be insignificant. Though DBA-NE complex formation 
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is not impossible, due to the relative concentrations of each catecholamine in the nucleus 

accumbens it is likely that the observed behavioural effects are more likely the result of 

the DBA binding to DA. 

4.5.2 Histology and Immunohistochemistry data and discussion 

4.5.2.1 Confirmation of the cannula placement 

 The placement of the cannula and injector into the nucleus accumbens according 

to the calculated stereotaxic coordinates was confirmed by histological analysis (Figure 

4.10). Placement (indicated by the orange arrows) was revealed by staining with cresyl 

violet.  
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Figure 4.10: Confirmation of cannula placement in the nucleus accumbens of 
aptamer treated and control animals (reproduced with permission from Dan 
Madularu’s M.Sc. thesis (Carleton University, 2010)). A) Coronal section of a rat 
brain. The location of the nucleus accumbens is shown in the small square. B-D) The 
placement of cannula and injector (indicated by orange arrows) in three different 
animals pre-treated with aptamer is shown. Staining of the brain coronal sections 
(4X) was done with cresyl violet. E) 10X magnification of cresyl violet stained brain 
coronal sections showing placement of cannula and injector. The nucleus accumbens 
core and shell are delimitated by the green dashed line. Abbreviations: nucleus 
accumbens (NAcc) and anterior commissure (ACA)  

There were no histological differences observed between placement of the cannula in the 

nucleus accumbens core compared the nucleus accumbens shell. Cannula placement 

causes physical damage and it is possible that the placement of the cannula could have 

caused infection. This infection could have caused subsequent behavioural deficits that 
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may have negatively impacted the data but no evidence of infection or behavioural 

deficits were observed in the control groups.  

4.5.2.2 Immunohistochemical analysis of aptamer treated animals 

 Tyrosine hydroxylase (TH) is an enzyme responsible for catalyzing the 

hydroxylation of L-tyrosine to L-DOPA, the precursor molecule to the catecholamines; 

dopamine, norepinephrine and epinephrine.421 This conversion is the rate-limiting step in 

catecholamine synthesis.377 The activity of TH is regulated either by medium- to long-

term regulation of gene expression or short-term regulation of enzymatic activity.422 One 

of the mechanisms by which TH is activated is by the phosphorylation by protein kinases 

of serine residues in the 8, 19, 31 and 40 positions.422 Specifically there is evidence to 

suggest that the phosphorylation of Ser40 is primarily responsible the activation of TH 

and the resultant maintenance of catecholamine tissue levels following catecholamine 

secretion.422  

 Tyrosine hydroxylase, like phenylalanine hydroxylase and tryptophan 

hydroxylase, is classified as an iron-containing biopterin-dependent amino acid 

hydroxylase. These hydroxylases use the cofactor tetrahydrobiopterin (BH4) and O2 to 

hydroxylate the corresponding aromatic amino acid substrates.423 TH is a tetramer where 

the active site of each subunit is coordinated to Fe2+ and, is catalytically active.422 

Tyrosine hydroxylase is inactivated when the Fe2+ is oxidized by O2 to Fe3+.422 TH 

activity is regulated by two types of feedback inhibition by catechols. In the first 

mechanism, TH is inactivated by competitive binding of the catechols over the BH4 to the 

ferric iron (Fe3+) of the active site.422 This inhibits the necessary cofactor interaction, 
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which renders the enzyme inactive.422 Therefore, this mechanism is able to act as a sensor 

to regulate catechol synthesis. In the second feedback inhibition mechanism catechols 

bind, nearly irreversibly with the ferric iron (Fe3+) at the TH catalytically active site.422 

When TH is phosphorylated, the conformation of the enzyme is changed such that the 

affinity of the catalytically active site for catechols is greatly reduced.422 The enzyme is 

reactivated when the catechol dissociates and ferric iron is reduced by BH4 to ferrous iron 

(Fe2+).422 

 Fifteen minutes following the extinction test, animals that had been injected with 

either aptamer (200 nM/MK; n=3) or vehicle (0 nM/MK; n=3) were euthanized. Their 

brains were removed for immunohistochemical analysis. The levels of TH and pTH in the 

nucleus accumbens of aptamer treated and control animals were examined by 

immunohistochemical staining (Figure 4.11). Immuno detection was based on detection 

of phosphorylated Ser40 TH. 
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Figure 4.11: Representative images of reduced pTH staining in the nucleus 
accumbens of aptamer-treated rats shown by histological analysis. A) The ratio of 
phosphorylated tyrosine hydroxylase (pTH) to tyrosine hydroxylase (TH) in the 
nucleus accumbens shell region was quantified. The ratio was significantly lower in 
the 200 nM/ MK group (**p<0.01). B) TH staining in the nucleus accumbens shell 
region was quantified and similar levels were observed between the 0 nM//MK and 
200 nM/MK groups. C) pTH quantification in the nucleus accumbens shell region 
revealed lower levels of staining in the 200 nM/MK group than the 0 nM/MK group 
(**p<0.01). The sample size (n) was 3/group. Scale bars represent 500 µm. The 
magnification shown at the top of the 0 nM (Tris) images was the same for the 200 
nM images. In the top panel the data is represented as mean ± SEM. 

Student’s t-test was used to compare the normalized intensities (TH intensity, pTH 

intensity and the ratio of pTH:TH) between groups. Intensities were normalized to 

account for variations in either staining or imaging processing. The ratio of pTH:TH 

(inactive to active enzyme) staining in the nucleus accumbens shell was significantly 

reduced (Figure 4.11; panel A: p<0.01) in the aptamer-treated animals (200 nM/MK) 

compared to controls (t(4) = 7.02, p<0.01); therefore the staining of each enzyme state 
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was investigated independently. Importantly, there was no significant difference between 

the levels of TH in the aptamer-treated (200 nM/MK) group compared to the control 

group (0 nM/MK) (Figure 4.11: panel B) This preliminary evidence suggests that 

aptamer treatment did not damage dopaminergic terminals such that the ability of the 

cells to synthesize dopamine was compromised. Significantly reduced levels of pTH were 

observed in the aptamer-treated animals (200nM/MK) compared to the vehicle-treated 

controls (0 nM/MK) (Figure 4.11: panel C: t(4) = 9.25, p<0.01). This reduction of pTH 

in aptamer-treated animals suggests that in addition to binding to 

dopamine/norepinephrine and preventing the catecholamine’s direct effects, it may also 

in some way be limiting the subsequent synthesis of DA/NE. In this experiment the 

observed reduction in pTH staining was likely indicative in a reduction of DA synthesis. 

This marked reduction may have been caused by free extracellular dopamine, albeit a low 

concentration not bound to the aptamer, exerting a regulatory effect via post-synaptic 

autoreceptors.424 Work done with low concentrations of dopamine agonists supports this 

hypothesis; treatment with low concentrations of apomorphine was shown to inhibit TH 

activity.424 In this experiment, the primary effect of the aptamer would have been to bind 

(for an unknown time) to extracellular dopamine/norepinephrine in the synaptic cleft thus 

reducing the catecholamine’s effect on the postsynaptic receptor. Secondarily, aptamer 

binding led to reduced pTH and subsequently reduced catecholamine synthesis. These 

immunohistochemical conclusions are consistent with the behavioural data presented 

herein. 
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4.6 Conclusions and future work 

 The results of the experiments described in this chapter present significant 

evidence that the DBA should be investigated further for its potential as a novel 

therapeutic modality for dopamine-related behavioural abnormalities. Administration of 

the aptamer in animals that were treated with MK-801 was shown to normalize extinction 

pressing behaviour. Additionally, neither devastating behavioural consequences nor 

neuronal damage occurred as a result of acute aptamer administration into the nucleus 

accumbens. Since the mechanism of action is relatively general (DBA binds directly to 

DA) compared to traditional therapeutics (that act on the receptors), the efficacy of the 

DBA is not limited to models of schizophrenia, but should be investigated in other 

hyperdopaminergic maladies as well. More generally, this was the first example of using 

an aptamer to modulate animal behaviour, providing convincing evidence that aptamers 

may be effective tools for investigating other CNS related diseases.  

 Currently, the use of aptamers to study mental health disease is limited by the 

challenge of delivery to the brain. The development of strategies to deliver aptamers to 

the brain is necessary to allow for the full characterization of the pharmacokinetics 

profile of a potential aptamer therapeutic. A continuation of this work (described in 

Chapter 5) involved investigating strategies to both bypass the BBB via targeted deliver 

and efficiently deliver aptamer-based technologies to the brain.

211 

 



5 In vivo use of a multi-DNA aptamer-based 
payload/targeting system to study dopamine dysregulation 
in in the central nervous system 
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5.1 Statement of Contributions 

 The experiments described herein were conceptualized by EM McConnell, MC 

DeRosa, K Ventura and MR Holahan. Liposome and DNA preparation and 

characterization were performed mainly by EM McConnell and MC DeRosa. TEM 

imaging was done by Jianqun Wang (Manager of the Nano Imaging Facility, Carleton 

University). Nanoparticle tracking analysis was done by Ray Eby (Particle Metrix). 

Animal care and habituation activity were performed by the Department of Neuroscience 

(Carleton University) animal care staff, K Ventura and MR Holahan. Animal studies 

were performed by K Ventura, EM McConnell, Z Dwyer and MR Holahan. RT-qPCR 

reagent preparation, experimental analyses and data analysis were done by Z Dwyer, K 

Ventura, M Sieczkos (Research Associate, Department of Neuroscience, Carleton 

University), and EM McConnell. Histochemical analysis was done by K Ventura and MR 

Holahan. Statistical analyses were performed by K Ventura and MR Holahan.  

5.2 Resulting Publications 

 This work was submitted to Molecular Therapy – Nucleic Acids 

(2016MTNA000317) April 18th, 2016 and is currently under revisions. The manuscript 

was prepared by EM McConnell, K Ventura, MR Holahan and MC DeRosa. (Erin M. 

McConnell, Katelyn Ventura, Zachary Dwyer, Matthew R. Holahan and Maria C. 

DeRosa, In vivo use of a multi-DNA aptamer-based payload/targeting system to study 

dopamine dysregulation in in the central nervous system). 
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5.3 Introduction 

5.3.1 Objectives 

 The objectives of the work described in this chapter were to provide proof-of-

concept for the development of a multi-DNA aptamer payload/targeting system for 

delivery of an aptamer across the blood brain barrier.   

5.3.2 Aptamers as therapeutics 

 Aptamers are small DNA or RNA oligonucleotides that are typically smaller than 

100 bases in length which are selected by an iterative in vitro process termed Systemic 

Evolution of Ligands by EXponential enrichment (SELEX).34–36 Aptamers are capable of 

binding diverse targets including small molecules to whole cells with high selectivity and 

affinity. 8 Aptamers form unique three-dimensional secondary structures that along with 

the ability of nucleic acids to contribute to hydrogen bonding, π-π stacking and shape 

complementarity facilitates the interaction of the aptamer with its cognate target.262 

Aptamers have many potential analytical, diagnostic and therapeutic applications due to 

their chemical stability, biostability, and ease of modification.26,28,32 The comparison of 

aptamers to antibodies, and the advantages of aptamers over antibodies has been 

extensively reviewed and discussed in Chapter 1.26,28 Specifically, the high specificity 

and affinity, little to no immunogenicity, relative low cost, and ease of synthesis make 

aptamers optimal therapeutic and detection candidates.46,425,426 Moreover, the 

complementarity of nucleic acids naturally provides each aptamer with its own antidote. 

This is a particularly important advantage of aptamers over traditional therapeutics and is 

especially useful in therapies, such as anticoagulation, that are associated with high risk 
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complications.132 For more information about the potential of aptamers as molecular 

recognition elements for diagnostic and therapeutic applications within the central 

nervous system see Chapter 1.1 

5.3.3 Intra-accumbens injection of a dopamine binding aptamer abates MK-801-

induced cognitive dysfunction in a model of Schizophrenia 

In the late 1990s Mannironi et al., reported the selection of an RNA aptamer for 

dopamine (DA) that exhibited moderate binding affinity.280 In recent years, the 

development of the DNA homolog of the RNA aptamer sequence was described by 

Walsh and DeRosa.284 Compared to the original RNA aptamer, the DNA homolog 

showed improved binding affinity and stability for the target dopamine and additionally 

had similarly high affinity for norepinephrine.284 As described in Chapter 4, the acute 

injection of the DNA homolog aptamer into the nucleus accumbens of animals treated 

with MK-801, which caused an increase in dopamine-dependent behavioural 

perseveration, was able to reduce the behavioral perseveration to control levels.375 The 

proposed mechanism of action of this aptamer was that when injected directly into the 

brain, the DNA homolog aptamer (henceforth referred to as the dopamine binding 

aptamer; DBA) was able to bind to DA and norepinephrine, effectively preventing those 

neurotransmitters from activating postsynaptic targets.375 While this work was the first 

example in which a targeted intra-cranial injection of an aptamer was shown to attenuate 

behaviour and therefore shows validity of this approach in basic research as well as 

preclinical investigations, the challenge of attenuating behaviour by the delivery of the 

aptamer across the blood-brain barrier (BBB) following systemic administration 
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remained a significant challenge. To further this work, it was necessary to design a 

delivery vehicle capable of delivering aptamer payload across the BBB and subsequently 

investigating the aptamer’s effects on neurobehavioral function in an animal model of 

behaviour. The development of the multi-DNA aptamer payload/targeting system may 

present novel therapeutic potential for central nervous system related maladies as well as 

present novel diagnostic and analytical research applications. 

5.3.4 The transferrin receptor aptamer and transferrin receptor mediated 

transcytosis 

The work described in this chapter made use of the transport-mediating function 

of the transferrin receptor aptamer (TRA) to deliver DBA-loaded liposomes across the 

BBB. The Dopamine binding Aptamer Loaded-Transferrin Receptor Aptamer Modified 

liposome formulation shall further be referred to as DAL-TRAM.  The TRA which was 

conjugated to the surface of the DAL-TRAM was selected to bind to the extracellular 

domain of the mouse transferrin receptor.53 Recall that its ability to induce endocytosis 

across mouse fibroblast (Ltk- cells) was shown as discussed in section 1.4.6.1.53 

Additionally, the TRA was also successfully used as a targeting moiety to deliver 

flurbiprofen encapsulated micelles across an in vitro murine model of the BBB (for this 

and the previous example see section 1.4.6.1).242  Known components of the BBB and the 

blood cerebrospinal fluid barrier (BCSFB), transferrin receptors are highly expressed on 

endothelial cells and are known to be involved in transport of their ligand, transferrin 

across the BBB and BCSFB.49,50,427 Receptor mediated transcytosis across the BBB 

exploiting the initiating role of transferrin and the transferrin receptor has been used as a 
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strategy to specifically deliver cargo to the brain.  In these instances, either transferrin, or 

an anti-transferrin receptor antibody was conjugated to the surface of a nanoparticle, such 

as an immunoliposome, or directly to another antibody to induce receptor mediated 

transcytosis.428–432 Of particular relevance, oligonucleotide cargo was delivered to the 

brain by this strategy.433 Previously, aptamers have been conjugated to the surface of 

liposomes to facilitate the specific delivery of their payload, such as anti-cancer drugs, 

and have been shown to improve specific cellular uptake and toxicity.434 However, 

aptamer-conjugated nanoparticles have not been used to deliver an aptamer payload to 

the brain. 

5.3.5 Design of the “Molecular Trojan Horse” inspired dopamine binding aptamer 

loaded-transferrin receptor aptamer modified liposomes (DAL-TRAM) 

An effective approach to deliver nucleic acid payload to the brain involves the use 

of a nucleic acid-loaded vehicle , referred to as a “Molecular Trojan Horse”, to carry a 

nucleic acid payload across the BBB via the exploitation of receptor mediated 

endocytosis.429,435–438 For the past forty years, liposomes, which are spherical vesicles 

consisting of one or more lipid bilayers enclosing aqueous compartments, have been 

widely investigated as carriers to improve the specific delivery of therapeutic payloads, 

including nucleic acids to sites in the body.439–442 The specific delivery of nucleic acid 

payload to the brain has been attempted by modifying liposomes with a recognition 

element. Typically monoclonal antibodies which are capable of targeting transferrin 

receptors are used to increase access of the liposome to the brain via receptor or 

absorptive-mediated transcytosis across the BBB.436 This chapter describes the synthesis 
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and use of an aptamer-based modification of the Molecular Trojan Horse design, where 

both the targeting agent and the payload were aptamers. In addition to the potential that 

aptamers hold for diagnostic and therapeutic applications in the CNS, the practical 

advantages that aptamers have over the traditionally used antibodies in terms of cost and 

ease of synthesis motivated this design. 

5.3.6 Cocaine induced hyperlocomotion as a model for addiction 

A cocaine-induced hyperlocomotion model was used to assess the ability of 

systemically administered DAL-TRAM to cross the BBB and alter neurobehavioral 

function.  Cocaine has been shown to be a potent activator of the dopamine-reward 

system, the noradrenergic system  and the serotonergic systems.443  Though dopamine is 

significantly involved in motor behaviour, cocaine-induced hyperlocomotion was chosen 

as an appropriate model to test the DAL-TRAM as the DBA was previously shown to 

have no effect on locomotion following direct intra-accumbens injection (see Chapter 

4).375 The proposed mechanism of action of the DBA is shown in Figure 5.1. Under 

normal conditions, dopamine is synthesized and stored in presynaptic neurons. Upon 

release into the synaptic cleft, signal transduction occurs when dopamine binds to 

dopamine receptors (for example D1 and D2) on the post synaptic neuronal membrane. 

Cocaine competitively binds to and inhibits the dopamine transporter on pre-synaptic 

neurons thereby increasing dopamine release into the synaptic cleft.444 Additionally, 

cocaine has been shown to increase extracellular dopamine concentrations by promoting 

pre-synaptic vesicle release.444 Increased synaptic dopamine concentrations lead to 

increased post-synaptic signal transduction which manifests behaviourally as 
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5.4 Experimental Methods 

5.4.1 Chemicals and reagents – liposome and cocaine solution preparation 

 DNA synthesis reagents and modifiers were obtained from Glen Research 

(Sterling, VA, USA). Columns for DNA synthesis were purchased from BioAutomation 

(Irving, TX, USA). Ammonium persulfate, Boric Acid, EDTA, HEPES, TEMED, Tris 

and Urea were purchased from BioShop Canada (Burlington, ON, Canada). Mini 

extruder, 100 nm polycarbonate membranes and filter supports, 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (16:0-18:1 PC, POPC), dimethyldioctadecylamonium bromide 

salt (18:0 DDAB), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (ammonium salt) (18:0 DSPE-PEG 2000 PE), 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[malemide(polyethylene glycol)-2000] 

(ammonium salt) DSPE-PEG 2000-malemide, and Liss Rhod PE (1,2-dipalmitoyl-sn-

glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt)) 

were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Dialysis cassettes (Slide-

A-Lyser G2) were purchased from Thermo Fisher Scientific Canada (Nepean, ON, 

Canada). Saline solution (0.9% NaCl) and cocaine (ecgonine methyl ester benzoate HCl) 

were purchased from Sigma-Aldrich Canada (Oakville, ON, Canada). 

5.4.2 Oligonucleotide Preparation 

DNA used in these experiments were prepared using standard phosphoramidite chemistry 

performed on a MerMade 6 DNA synthesizer (BioAutomation, Irving, TX, USA). The 

following oligonucleotides (Table 5.1) were prepared;  
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Table 5.1: Sequences of oligonucleotides 

Oligonucleotide Sequence (5’3’) Notes 

Unmodified 
Dopamine Binding 
Aptamer (DBA) 

GTCTCTGTGTGCGCCAGAGACACTGGGGC
AGATATGGGCCAGCACAGAATGAGGCCC 

 

5’-thiol (Thiol-
modifier C6 S-S) 
modified TRA 

GAATTCCGCGTGTGCACACGGTCACAGTT
AGTATCGCTACGTTCTTTGGTAGTCCGTT
CGGGAT 

 

Unmodified 
Substituted DBA 
control (Sub) 

GTCTCTGTGCCAAACAGAGACACTGGGG
CAGATATGGGCCCGCACAGAATCCGGCC
C 

base 
substitutions 
corresponding to 
the DBA made 
to eliminate 
binding are 
underlined 

Random 
Oligonucleotide 
(ROL) 

AGAATCTGTCGGGCTATGTCACTAATACT
TTCCAAACGCCCCGTACCGATGCTGAACA 

 

 

Polyacrylamide gel electrophoresis was used to purify DNA prior to molecular weight 

confirmation by ESI-MS.  

5.4.3 Liposome preparation 

The following were dissolved in chloroform and combined in a 10 mL round 

bottom flask: POPC (19.2 µmol), DDAB (0.2 µmol), DSPE-PEG 2000 (0.4 µmol), Liss 

Rhod PE (0.2 µmol) and DSPE-PEG 2000-malemide (30 nmol). For the fluorescent 

imaging experiment (see section 5.4.6) Liss Rhod PE was substituted with 16:0 NBD PE 

(0.2 µmol). The flask was capped with a septum. While shaking and under a steady flow 

of argon, the chloroform was evaporated off to produce a thin uniform lipid film. The 

lipid film was hydrated (0.2 mL of 50 mM tris-HCl pH=7.0) and then vortexed for 30 
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min. The flask was then stored under argon and sonicated in a bath sonicator at room 

temperature for 10 minutes. 38 nmol of either DBA, Sub or ROL were added to the flask 

in a volume of 0.2 mL (50 mM Tris-HCl). To encapsulate the DNA 0.6 mL of 67% 

ethanol (to yield a final concentration of 40% ethanol) was slowly added to the flask. 

Samples were again stored under argon before being subjected to 10 freeze/thaw cycles 

(5 min in an ethanol/dry ice bath followed by 2 min in a 40°C water bath). Samples were 

extruded by being subjected to 25 passes through 100 nm polycarbonate membranes 

contained in a mini-extruder. The samples were dialysed using Slide-A-Lyser cassettes 

(20 000 Molecular Weight Cut Off) into 50 mM HEPES buffer (pH=7.0) overnight to 

remove the ethanol. Nuclease digestion was used to remove DNA that was non-

specifically interacting with the exterior of the liposome. Following nuclease digestion, to 

remove digested DNA, samples were dialysed into 50 mM HEPES buffer (pH=7.0) 

overnight. Cleavage of the disulfide bond protecting the thiol modified transferrin 

receptor aptamer (TRA) was performed in 50 mM Tris-HCl (pH=8.4) containing 100 

mM DTT. The TRA was purified using biospin columns then buffered exchanged into 50 

mM HEPES (pH=7.0) containing 7 mM EDTA. TRA was added to the liposome 

suspension and the reaction was allowed to proceed for 2 hours at room temperature with 

gentle shaking. To remove EDTA and unreacted TRA, the samples were then dialysed 

overnight into 50 mM HEPES buffer (pH=7.0). The liposome concentration was 

characterized via UV-Vis spectroscopy to maintain consistency between separate sample 

preparations. To determine the approximate concentration of the DAL-TRAM stock 

preparation, the absorbance of the rhodamine peak (570 nm) of a 1 in 100 dilution of the 

stock preparation was measured. Absorbance values of the rhodamine peak for the 1 in 
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100 dilution of ~0.05 and ~0.10 were assigned as 1X and 2X concentrations respectively. 

The homogeneity of the liposome sample was characterized by TEM microscopy. 

Aptamer encapsulation and liposome stability over time were confirmed by gel 

electrophoresis, nanoparticle tracking analysis and TEM imaging.  

5.4.4 Transmission Electron Microscopy (TEM) imaging 

TEM imaging and liposome size measurement were obtained and performed by 

Jianqun Wang and EM McConnell. Carbon film on 300 mesh copper grids (CF300-Cu) 

were purchased from Electron Microscopy Sciences (Hatfield, USA) and used as 

purchased. Kimwipes (Kimberly-Clark) were purchased from Fisher Scientific Company 

(Ottawa, Canada).  

Samples were prepared for TEM imaging by depositing 5-10 µL of the sample 

solution onto the copper grid. Excess solution was whisked away with a Kimwipes (after 

10 min) and the copper grid was left to dry overnight. An FEI Tecnai G2 F20 

Transmission Electron microscope (Hillsboro, USA) equipped with a Gatan ORIUS TEM 

CCD Camera (Pleasanton, USA) imaging system at either 120 kV or 200 kV was used to 

examine liposomes deposited on the grid. The Cal Line tool of the Gatan Microscopy 

Suite Digital Micrograph software (Version 2.32.888.0, Gatan, Inc.) was used to 

determine the size of individual liposomes. 

5.4.5 Nanoparticle tracking analysis   

Ray Eby (Particle Metrix Inc.: Mebane, USA) performed nanoparticle tracking 

analysis (NTA) using the ZetaView (Particle Metrix Inc.: software version 8.02.30.01). 

For the measurements, liposomes were diluted in deionized water according to the 
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manufacture’s specifications. Measurement mode ‘size distribution 1 cycle’ was used. 

The laser wavelength was 520 nm and the analysis parameters were max size (500), min 

size (10) and min brightness (15). The number of traced particles was 202. The 

conductivity and temperature were 27.32 µS/cm and 23.36°C respectively.  

5.4.6 Fluorescent detection of DAL-TRAM in the Brain 

Mice (n=3) were injected (0.15 mL i.p.) of equimolar Rhodamine-labeled DAL-

TRAM (TRA-positive liposome) and NBD-labeled DAL (TRA-negative liposome) to 

provide an initial, qualitative assessment of DAL-TRAM entry into the brain. The 

extinction coefficients for rhodamine (95 000 M-1 cm-1 at 560 nm) and NBD (13 000 M-1 

cm-1 at 458 nm) were used to estimate the concentration of the liposome preparation.446  

Excitation and emission wavelengths for Liss Rhod PE and NBD PE were 560nm/583nm 

and 460nm/535nm respectively.  For comparison, imaging experiments were done at 1X 

concentration as described in section 5.4.3. After 10 min, mice were rapidly decapitated. 

Tissue was not perfused. Brains were removed and immersion fixed in 4% 

paraformaldehyde (0.1 M phosphate buffer pH 7.4).  Tissue was stored at 4° C (24 hours) 

and then stored in 30% sucrose/ 0.1 M phosphate (pH 7.4) at 4° C (minimum 72 hours). 

 Brains were sectioned (35 µm) through the nucleus accumbens (anterior posterior 

plane of the Paxinos and Watson atlas: 2.20 – 1.0 mm from bregma) using a cryostat and 

then were mounted on glass slides and cover slipped with Fluoromount.  An Olympus 

BX61 microscope (Olympus Canada Inc., Richmond Hill, Canada) was used to obtain 

digital images of the nucleus accumbens (20x). Fluorescent imaging was performed with 

224 

 



red (594 nm) and green (488 nm) filters. Background fluorescence was minimized by 

setting the exposure time to the same value for both fluorescent channels.  

5.4.7 RT-qPCR detection of DBA delivered to the brain by DAL-TRAM 

 Thirty min following treatment, mice were rapidly decapitated without anesthesia. 

Brains from the following groups; DAL-TRAM+10 mg/mL cocaine (n=5) and DAL-

TRAM+saline (n=4) were extracted within 30 seconds of sacrifice. Tissue punches from 

nucleus accumbens were sterilely collected then flash frozen on dry ice within 60 

seconds. Prior to extraction, samples were stored at -80°C. DAL-TRAM treated animals 

received liposome solution that was twice as concentrated (2X) as the solution 

administered for the fluorescent imaging and behavioural testing. To extract the target 

oligonucleotide from the brain punches, tissue was homogenized in Trizol then extracted 

using the Invitrogen Purelink RNA micro kit (Fisher Scientific Inc., Ottawa, Canada) as 

per to the manufacturer’s instructions. Sample extract were stored at -80°C until use.  

The presence of the target oligonucleotide, DBA, in tissue extract was determined 

by standard RT-qPCR. The sequences of the DBA-forward and reverse primers are 

shown in Table 5.2.  

Table 5.2: Forward and reverse primers for RT-qPCR amplification of the DBA 
and Sub aptamer sequences 

Primer Sequence (5’3’) 

DBA forward  CTAGACTAGAAGCTGAGCTGCTAGACTAGAAGCTGA
GCTGGTCTCTGTGTGCGCCAGA 

DBA reverse ACGTTACGTTATGACATGACACGTTACGTTATGACA
TGACGGGCCTCATTCTGTGCTG 

aPrimer regions are bolded 
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PCR reactions were prepared using 20 uL reactions (5 uL of extracted DNA, 2.66 uL of 

combined primers (2 µM total concentration), 2.34 uL of Milli-Q Ultrapure H2O, and 10 

uL of BioRad Green Supermix Master Mix). The reaction was performed using the 

following thermal profile:  95°C for 3 mins; 40 two-step cycles [95°C for 10 sec; 58°C 

for 30 sec] 95°C for 10 sec on a Bio-Rad CFX Connect Real Time System (Bio-Rad, 

Mississauga, Canada). Once completed a melt curve from 60°C to 95°C was run in 

increments of 0.5°C. Melt curve and quantification data were used as the primary 

detection method and electrophoretic analysis was run to confirm findings 

The resultant DNA product was run on a standard 2% agarose gel stained with 

0.01% SYBR Safe DNA stain (Thermo Fisher Scientific, Nepean, ON, Canada). Sample 

(17 µL) and 0.25% bromothymol blue loading buffer (3µL) were combined in each well. 

Invitrogen TrackIt 50 bp DNA ladder (5 µL; Thermo Fisher Scientific, Nepean, ON, 

Canada) was run as a control. Gels were run (120V, 60 min) then imaged using a Gel 

Doc (BioRad, Saint-Laurent, QC, Canada). Analyses were performed using Quantity One 

4.4.0 software (BioRad, Saint-Laurent, QC, Canada).   

5.4.8 Behavioural testing  

5.4.8.1 Subjects 

 Male CD-1 mice (32 – 38 days old) were purchased from Charles River (St. 

Constant, Canada) and housed individually in 27 x 21 x 14 cm clear, polycarbonate 

cages.  Vivarium temperature (19 – 22 ºC) and humidity (50 – 60%) were controlled in a 

fixed range. The lighting remained on a constant cycle (12 hour dark/ light cycle, lights 

on at 08:00).  Purina mice chow and water were available ad libitum.   
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5.4.8.2 Ethics statement 

All animal procedures were approved by the Carleton University Animal Care 

Committee in accordance with guidelines set by the Canadian Council on Animal Care 

(CCAC). Approval was obtained from the Carleton University Animal Care Committee 

(AUP ID 102061). 

5.4.8.3 Apparatus 

 To assess locomotor activity, animals were placed in enclosed 48 x 26 x 20 cm 

clear, polycarbonate cages in a windowless room.  Horizontal movement of each mouse 

was recorded by 16 sensors (TSE-Systems, Inc., Chesterfield, MO) distributed 2.5 cm 

apart along the bottom of the locomotor box. A break in the infrared sensor led to the 

detection of horizontal movement which was then counted.  Activity counts were 

collected on a computer running Fusion HC software (AccuScan Instruments Inc., 

Columbus, OH). 

5.4.8.4 Experiment I and II: Examining the efficiency of DAL-TRAM in reducing 

cocaine-induced hyperlocomotion and the specificity of the DAL-TRAM 

components 

5.4.8.4.1 Drugs 

 DAL-TRAM and control variations of the multi-DNA aptamer payload/targeting 

system were prepared as described under liposome preparation (see section 5.3.3). Mice 

(n = 77) were assigned to the following conditions: DAL-TRAM+10 mg/mL cocaine (n = 

8), DAL-TRAM+5 mg/mL cocaine (n = 8), DAL-TRAM+1 mg/mL cocaine (n = 7); 

DAL-TRAM+saline (n = 8); TRAM+saline (n = 8); saline+saline (n = 6), Sub-
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TRAM+10 mg/mL cocaine (n =8); DAL+10 mg/mL cocaine (n=9); ROL-TRAM+10 

mg/mL cocaine (n= 7); and TRAM+10 mg/mL cocaine (n= 8). Cocaine hydrochloride 

(10 mg/mL; Sigma-Aldrich, USA) was dissolved in 0.9% NaCl.  5 mg/mL and 1 mg/mL 

solutions were prepared from the 10 mg/mL stock solution.  All cocaine solutions were 

prepared within 24 h of use.   

5.4.8.4.2 Behavioral Procedure 

 For at least 7 days prior to any experimental manipulations the mice were 

acclimated to the laboratory housing conditions.  Once the animals were acclimatized all 

mice were habituated to the locomotor apparatus.  Mice were placed in the locomotor 

cages for 30 min on each of 3 consecutive days.  All habituation trials took place between 

08:00 and 10:00 am. On the test day, DAL-TRAM or control variations of the multi-

DNA aptamer payload/targeting system were injected (0.1 mL i.p.) 5 min prior to a 

cocaine or saline injection (0.1 mL i.p.).  Animals were placed in the locomotor apparatus 

and locomotor testing commenced five minutes after the mice received the cocaine/saline 

injection. Locomotor activity was recorded over a 30 min period and processed as the 

total activity count per 5 min time bin.  

5.4.8.4.3 Statistical analysis 

 IBM SPSS Statistics (Version 22; Armonk, NY, USA) was used to run a One-way 

ANOVA was to investigate group effects. Either Fisher’s least significant difference 

(LSD) or Tukey’s honest significant difference (HSD) post-hoc analyses were performed 

to compare groups. 
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5.4.8.5 Experiment III A: Chronic administration of DAL-TRAM in saline treated 

animals 

5.4.8.5.1 Drugs 

  DAL-TRAM and TRAM were prepared as described under liposome preparation 

(see section 5.3.3). Mice were assigned to one the following groups; DAL-TRAM (n= 5), 

TRAM (n= 5) or no injection (n= 5).  

5.4.8.5.2 Behavioral Procedure 

 For at least 7 days prior to any experimental manipulations the mice were 

acclimated to the laboratory housing conditions.  Once the animals were acclimatized all 

mice were habituated to the locomotor apparatus.  Mice were placed in the locomotor 

cages for 30 min on each of 3 consecutive days. All habituation trials took place between 

08:00 and 10:00 am. 

 Following the habituation phase, mice were assigned to receive an i.p. injection 

(0.1 mL) of either DAL-TRAM or TRAM, or received no injection 5 min prior to 

placement in the locomotor apparatus on each of 6 test days.  On each of the 6 test days, 

the locomotor activity was recorded over a 30 min period and processed as the total 

activity count per 5 min time bin. 

5.4.8.5.3 Statistical analysis 

 IBM SPSS Statistics (Version 22; Armonk, NY, USA) was used to run a One-way 

ANOVA to investigate group effects. Post-hoc analyses were not performed. 
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5.4.9 Experiment III B: Fluorescent histochemical staining by Fluoro-Jade B 

 Mice from experiment III B were sacrificed by rapid decapitation to perform an 

initial assessment of the toxicity of the DAL-TRAM and TRAM in a chronic model of 

administration. Brains were extracted, were post fixed in a solution of 30% sucrose in 4% 

paraformaldehyde, were flash frozen, and then were sliced into 35 µm coronal sections 

using a cryostat. Sections were mounted frozen and were allowed to dry. Once dry, 

mounted sections were washed 6 times (10 min) in 0.1M phosphate buffer (pH 7.4). 

Tissue was then immersed consecutively in 100% ethanol (3 mins), 70% ethanol (2 

mins), 30% ethanol (2 mins), and then distilled H2O (2 mins). Sections were incubated in 

filtered 0.06% KMnO4 (15 min) then rinsed with distilled H2O (2 min). Finally, sections 

were incubated in 0.001% Fluoro-Jade B (EDM Millipore, Etobicoke, Canada) dissolved 

in 0.1% acetic acid solution (30 min) and then were briefly rinsed in distilled H2O.  Post 

Fluoro-Jade B incubation, sections were dried using a drier (high; 2 min) to remove 

excess water from the slides. Sections were then placed in Clearene Solvent (2 min; Leica 

Biosystems, Concord, Canada) then were cover slipped using DPX Mountant for 

histology (Sigma-Aldrich Canada, Oakville, Canada). 
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5.5 Results and Discussion 

5.5.1 Design and synthesis of dopamine aptamer-loaded, transferrin receptor 

aptamer-modified (DAL-TRAM) liposomes 

 A persistent challenge in the development of new therapeutics targeted to the 

brain is delivery across the blood-brain barrier (BBB) and blood-cerebrospinal fluid 

barrier (BCSFB). The natural function of these barriers is to protect the brain and 

therefore passage across these barriers is well regulated. Only a small class of drugs are 

able to cross the BBB. These molecules are lipid soluble and less than 400 Da in size. 

Large molecule therapeutics such as non-viral gene medicines, recombinant proteins,  

and siRNAs  are unable to permeate the BBB.437 Aptamers are relatively large (~10-15 

KDa), charged, polar molecules and therefore are no exception.  Recently, RT-qPCR has 

shown that low levels of systemically administered aptamer has been detected in the 

brain, and some work has been done to specifically select aptamers that cross the 

BBB.50,51  Nevertheless, the development of vehicles for efficient BBB passage remain an 

important goal. Work done by Shi et al. 2001, in which a monoclonal antibody for the 

transferrin receptor was conjugated to PEGylated liposomes loaded with plasmid DNA 

served as the inspiration for the design of the DAL-TRAM.435 The antibody-conjugated 

PEGylated liposomes, termed “Molecular Trojan Horses” when administered 

peripherally were shown to transverse the BBB to deliver the oligonucleotide payload. In 

this work, the DBA was chosen as the oligonucleotide payload and to mediate BBB 

passage, an aptamer that binds to the transferrin receptor (TRA) was conjugated to the 
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surface of the liposome. The design of the DAL-TRAM is shown schematically in Figure 

5.2.  

 

Figure 5.2: A) Schematic of the multi-DNA aptamer payload/targeting system. The 
lipid vesicle (blue sphere) is loaded with payload aptamer (black ribbons), and 
surface modified with a rhodamine-label (pink stars) and transferrin receptor 
aptamer (TRA: blue ribbons).  B) Representative transmission electron microscope 
image of aptamer loaded-TRAM liposomes. 

The DNA payload encapsulated inside the TRAM delivery vehicles was either a 

dopamine binding aptamer (DBA), non-binding mutated dopamine aptamer (Sub), 

random oligonucleotide (ROL) or a control oligonucleotide (details are described in 

Table 5.3).  

Table 5.3: Aptamer sequences used in the multi-aptamer targeting/payload system 
design 

Aptamer Sequence (5’3’) 

Dopamine binding 
aptamer (DBA) 

GTCTCTGTGTGCGCCAGAGACACTGGGGCAGATA
TGGGCCAGCACAGAATGAGGCCC 

Non-binding base 
substituted DBA 
(Sub)a 

GTCTCTGTGCCAAACAGAGACACTGGGGCAGATA
TGGGCCCGCACAGAATCCGGCCC 
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Random 
oligonucleotide 

(ROL) 

AGAATCTGTCGGGCTATGTCACTAATACTTTCCAAA
CGCCCCGTACCGATGCTGAACA 

Transferrin receptor 
aptamer (TRA) 

GAATTCCGCGTGTGCACACGGTCACAGTTAGTATCG
CTACGTTCTTTGGTAGTCCGTTCGGGAT 

Control 
Oligonucleotide 

Unpublished sequence 

a Base substitutions are underlined. Primer regions are in bold. 

As a substitute to the monoclonal antibodies for the transferrin receptor used in the 

Molecular Trojan Horse design, the liposome was surface modified with a thiol modified 

transferrin receptor aptamer (TRA) via conjugation of the thiol-TRA to the surface of the 

liposome through a thioether bond to maleimide-modified lipid.53 To monitor the central 

distribution of the peripherally injected DAL-TRAM, rhodamine-modified lipid was 

included in the design to provide a fluorescent label for characterization by fluorescent 

microscopy. In addition to DAL-TRAM, multiple control variations of the multi-DNA 

aptamer payload/targeting system were also synthesized and are described in Table 5.4. 

Table 5.4: Aptamer and, multi-aptamer payload/targeting system and control 
variation abbreviations 

Abbreviation Aptamer details 

DBA Dopamine binding aptamer 

Sub Non-binding/base substituted dopamine binding aptamer. The 
sequence is identical to DBA with the exception of specific point 
mutations, the presence of which eliminates dopamine-aptamer 
binding284  

ROL Random oligonucleotide of comparable length to the DBA 
previously shown not to affect dopamine-related behavior375  

Control Oligo The control oligonucleotide is an aptamer of similar size to the 
DBA that was used during the liposome synthesis phase as a 
complex secondary structure analog. This control oligo was not 
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evaluated in the behavioral testing.  

 

Abbreviation Component details 

DAL-TRAM dopamine aptamer loaded-transferrin receptor aptamer modified 
liposome (TRA-positive liposome) 

DAL Dopamine aptamer loaded liposome (TRA-negative liposome) 

TRAM Transferrin receptor aptamer modified liposome (no 
oligonucleotide payload) 

Sub-TRAM Non-binding/base substituted dopamine binding aptamer loaded – 
transferrin receptor aptamer modified liposome 

ROL-TRAM Random oligonucleotide loaded-transferrin receptor aptamer 
modified liposome 

 

The synthesis of DAL-TRAM and control variations of the multi-DNA aptamer 

payload/targeting system is described in Figure 5.3. Small, unilamellar liposomes were 

prepared as previously described.436,447 However, some modifications were made to 

incorporate the conjugation of a DNA aptamer targeting moiety (TRA) in place of a 

monoclonal antibody as well as the encapsulation of a DNA aptamer payload. Due to 

their well characterized and demonstrated biodegradability and biocompatibility, 

liposomes were chosen as the delivery vehicle for the multi-DNA aptamer based 

payload/targeting system.441  Additionally, PEG inclusion has shown to increase 

circulation time yielding a cost effective, easily mass produced, effective delivery 

modality and therefore PEGylated liposomes were chosen.439 Liposomes present an ideal 

complement to aptamers for the development of targeted drug delivery systems due to 

their relative ease of synthesis, stability, and batch-to-batch reproducibility. Liposome-

based drug delivery systems are being extensively investigated. In fact, the U.S. Food and 
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Drug Administration has approved the clinical use of several liposome-based drug 

delivery system to treat disease.434  

 In the first step of synthesis the lipids were dissolved in chloroform and combined 

in a round bottom flask (step 1). DSPE-PEG 2000 and DSPE-PEG-2000-malemide were 

included to provide biostability and a mechanism through which to anchor the TRA.448 

Liss Rhod PE was used to fluorescently modify the liposome for imaging purposes. To 

produce a thin lipid film (step 2), the round bottom flask was capped with a septum and 

dried under a steady stream of argon while being gently agitated by vortexing (lowest 

setting). The lipid film was hydrated (step 3) by the addition of aqueous buffer which 

lead to the formation of a mixture of multilamellar and giant unilamellar liposomes.449 

Sonication (step 3) of the liposome solution served to decrease liposome size and 

lamellarity.450,451 The DNA aptamer payload was encapsulated by the addition of ethanol. 

Ethanol both condenses DNA and destabilizes the permeability of the liposomal 

membrane, leading to the efficient encapsulation of the aptamer payload (step 4).447 

Subjecting the liposome formulation to several freeze-thaw cycles (step 4) and extrusion 

through a 100 nm polycarbonate membrane (step 5) further ensured the liposomes were 

small unilamellar vesicles.450 Finally, through the reaction of the thiol modified TRA to 

the maleimide of the DSPE-PEG-2000-maleimide phospholipid, the TRA was conjugated 

to surface of the liposome via a thioether bond (step 6). Following synthesis, the 

liposomes were characterized by transmission electron microscopy (TEM) imaging (step 

7) and then prepared for the animal studies (step 8). 
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Upon comparison of the bands in lane 5 (control) and lane 15 (after lysis), the control 

oligonucleotide was identified in the final liposome preparation (Figure 5.4: see red 

boxes around the bands in lanes 5 and 15).  DNA was encapsulated into the liposome 

before extrusion however encapsulation is not 100% efficient. Therefore non-

encapsulated DNA may have non-specifically interacted with the exterior of the 

liposomes. In addition, DNA may have been released during the freeze-thaw and 

extrusion steps as larger vesicles were disrupted. The presence of the oligonucleotide 

after extrusion (lane 7) and after the first dialysis step (lane 9) can be explained by the 

lingering presence of non-encapsulated DNA. When non-encapsulated DNA was 

removed from the preparation by nuclease digestion, no DNA was observed (see lanes 11 

and 13). Lysis of the final liposome preparation led to the liberation of encapsulated 

DNA, observed as a band in lane 15.  

The encapsulation of the aptamer payload into the liposomal vehicle afforded 

protection to the unmodified nucleic acid payload, allowing the aptamer to be delivered 

to the brain intact and in its natural state. Alternative strategies that have been 

investigated to increase nucleic acid circulation time include modifications to the nucleic 

acid backbone, 5’- and 3’- end modifications and the inclusion of modified 

nucleotides.32,42 However, the secondary structure of the aptamer as well as the affinity of 

the aptamer to its target can be disrupted when these modifications are made post aptamer 

selection. Another advantage of encapsulation of the aptamer payload into the targeting 

liposome was that the aptamer payload was effectively concentrated in the cellular target 

by the TRA-mediate specific delivery of the liposomal vehicle. For these reasons, 
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treated group, green fluorescence was observed mostly in dense clusters, likely around 

the capillaries. In contrast, the observed distribution of red fluorescence in the TRA-

positive liposomes (DAL-TRAM) treated group was much more diffuse than the DAL 

treated group. In the representative image of the TRA-positive (DAL-TRAM) treated 

group, red fluorescence was observed in dense clusters (likely capillaries) as well as 

diffusely surrounding cell bodies (black spheres) and in the interstitial space (surrounding 

area). The differences in the observed distribution patterns likely occurred because the 

TRA-negative DAL were mostly trapped in the capillary and unable to traverse the BBB, 

where as the TRA-positive DAL-TRAM were able to cross the BBB. Overlay of the 

DAL-TRAM and DAL images further illustrates the more diffuse distribution of DAL-

TRAM (red) compared to DAL (green) based fluorescence. 

5.5.3 Identification of systemically delivered DBA in brain tissue through 

amplification by RT-qPCR  

 RT-qPCR was used to confirm the presence of the DBA in brain tissue from the 

nucleus accumbens. Chapter 4 describes experiments in which direct intra-accumbens 

injection of the DBA was shown to normalize MK-801 induced extinction deficit. 

Therefore, tissue punches from the nucleus accumbens post systemic injection of DAL-

TRAM were examined for the presence of the aptamer payload, DBA. RT-qPCR was 

used to assess the delivery of the DBA, by DAL-TRAM to the brain. To compensate for 

the relatively small RT-qPCR target size, the 5’-ends of the DBA forward and reverse 

primers were extended with 40 base tails. This strategy was previously shown to 

successfully amplify aptamer from brain tissue.51 To validate the method, samples were 
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The Cq values for the amplification of the Sub control oligonucleotide (Sub-TRAM; n=2) 

were 24.4 and 23.9. It is important to note that the base substitutions in the non-binding 

substitute sequence (Sub) fall within the RT-qPCR primer regions, and therefore the 

initial amplification of Sub by the DBA forward and reverse primers would not have been 

as efficient as the amplification of the DBA (see Table 5.3). These differences in 

amplification efficiency are reflected in the difference between the Cq values of the DBA 

and Sub by RT-qPCR. The Tm for the two substituted samples were 81.0 and 81.5°C. The 

average quantitation cycle was lower for the Sub sequence compared to the DBA (18.9 ± 

1.4) suggesting more cycles were required to amplify the target DNA.  However the Tm 

of the Sub amplification product was the same as the DBA product, suggesting the 

products were similar. Therefore both sequences were successfully delivered to the brain 

and the behavioural differences observed cannot be attributed to lack of delivery of the 

non-binding Sub control sequence. Of the delivered oligonucleotides, only the DBA 

which specifically interacted with dopamine, led to a significant behavioural change. 

5.5.4 Behavioural and histochemical assessment of systemically administered 

DAL-TRAM 

The efficacy of systemically administered DAL-TRAM was assessed in three 

different experiments. The first experiment examined the efficacy of systemically 

administered DAL-TRAM in attenuating the hyperlocomotion exhibited in cocaine-

treated animals. The second experiment investigated the specific functional role of the 

DBA in mitigating cocaine-induced behavioural changes compared to control variations 

of the multi-DNA aptamer payload/targeting system. Finally, the third experiment 
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assessed the effect of chronic systemic administration of DAL-TRAM on motor 

behaviour and neuronal degeneration. 

5.5.4.1 Experiment I: Examining the efficiency of DAL-TRAM in reducing 

cocaine-induced hyperlocomotion  

 The purpose of the first part of the experiment was to determine the effect of 

systemically administered DAL-TRAM on hyperlocomotion induced by different cocaine 

dosages. Mice (n=64) were assigned to one of the following groups depending on the 

cocaine dosage; 10 mg/mL cocaine ((DAL-TRAM+cocaine (n=8), DAL-TRAM+saline 

(n=5), TRAM+cocaine (n=8)); 5 mg/mL cocaine ((DAL-TRAM+cocaine (n=8), DAL-

TRAM+saline (n=8), TRAM+cocaine (n=8)) and  1 mg/mL cocaine ((DAL-

TRAM+cocaine (n=7), DAL-TRAM+saline (n=5), TRAM+cocaine (n=7)). Mice 

received an i.p. injection (0.1 mL) of the pre-treatment (DAL-TRAM or TRAM) 

followed 5 min later by an i.p. injection (0.1 mL) of either cocaine or saline. Five min 

following the second injection, animals were placed in the locomotor apparatus and their 

horizontal activity was monitored over a 30 min session. Figure 5.12, Figure 5.13 and 

Figure 5.14 show the motor behaviour, divided into 5 min bins, for the entire 30 min 

session at each cocaine dosage. In each case, the DAL-TRAM+ X mg/mL cocaine was 

compared to both TRAM- X mg/mL cocaine and DAL-TRAM+saline where X 

represents 10 mg/mL, 5 mg/mL and 1 mg/mL cocaine.  
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Figure 5.12: Horizontal locomotor activity of animals treated with 10 mg/mL 
cocaine. There was a significant decrease in locomotor behaviour of the DAL-
TRAM treated animals compared to animals treated with TRAM. The horizontal 
locomotor activities over a 30 min session for the following groups; DAL-TRAM+10 
mg/mL cocaine (n=8), TRAM+10 mg/mL cocaine (n=8), and DAL-TRAM+saline 
(n=5) are shown. Error bars represent “mean ± SEM”. 

A main effect of treatment (F(2,18) = 10.90, p < 0.001) was revealed by statistical 

analyses by a two-Way ANOVA (treatment condition by time) however, neither a main 

effect of time (F(5,10) = 1.14) nor an interaction (F(10,90) < 1.0) were revealed. Post-hoc 

analyses by Tukey’s honest significant difference (HSD) examining the main effect of 

treatment condition revealed that there was a significant difference between the activity 

levels of both the DAL-TRAM+10 mg/mL cocaine and DAL-TRAM+saline groups 

compared to the significantly more active TRAM+ 10 mg/mL cocaine group (* p < 0.05).  
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Additionally, there was no significant difference between the DAL-TRAM+10 mg/mL 

cocaine and DAL-TRAM+saline groups (p = 0.07). 

 

Figure 5.13: Horizontal locomotor activity of animals treated with 5 mg/mL cocaine. 
A significant decrease in locomotor behaviour of the DAL-TRAM treated animals 
compared to animals treated with TRAM was observed. The horizontal locomotor 
activities over a 30 min session of animals from the following groups; DAL-
TRAM+5 mg/mL cocaine (n=8), TRAM+5 mg/mL cocaine (n=8), and DAL-
TRAM+saline (n=8) are shown. Error bars represent “mean ± SEM”. 

A two-Way ANOVA (treatment condition by time) analyses revealed a significant main 

effect of treatment (F(2,21) = 28.25, p < 0.001) and a significant main effect of time 

(F(5,10) = 4.46, p < 0.001). However, no significant interaction (F(10,105) = 1.0) was 

revealed. Post-hoc analyses by Tukey’s HSD on the main effect of treatment condition 

revealed a statistically significant difference in the activity level of both the DAL-

TRAM+5 mg/mL cocaine and DAL-TRAM+saline groups compared to the more active 
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TRAM+ 5 mg/mL cocaine group (** p < 0.01).  Additionally, the difference in activity 

counts between the DAL-TRAM+5 mg/mL cocaine group and the DAL-TRAM+saline 

group (** p < 0.01) was significant. 

 

Figure 5.14: Horizontal locomotor activity of animals treated with 1 mg/mL cocaine. 
No significant effect on locomotor behaviour after treatment with either DAL-
TRAM or TRAM was observed. The horizontal locomotor activities over a 30 min 
session of animals from the following groups; DAL-TRAM+1 mg/mL cocaine (n=7), 
TRAM+1 mg/mL cocaine (n=7), and DAL-TRAM+saline (n=5) are shown. Error 
bars represent “mean ± SEM”. 

Analyses by a two-way ANOVA (treatment condition by time) revealed neither a main 

effect of treatment (F(2,16) = 2.20), nor a main effect of time (F(5,10) = 1.58). 

Additionally, a significant interaction (F(10,80) < 1.0) was not observed.  Therefore, no 

further post-hoc analyses were performed. These data are consistent with observations 

previously published in which similar cocaine dosages (10 mg/kg, 5 mg/kg and 2.5 
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mg/kg) were administered to induce hyperlocomotion.397 In this study, hyperlocomotion 

was observed in the 10 mg/kg and 5 mg/kg dosage groups, but no significant difference 

in locomotion was observed for the 2.5 mg/mL group. Further, treatment with D1 and D2 

receptor antagonists (SCH23390, raclopride, haloperidol, clozapine) significantly 

decreased motor behaviour in animals treated with 10 mg/kg of cocaine. Therefore to 

compare the therapeutic efficacy of the DAL-TRAM to traditional D1/D2 receptor 

antagonists, further experiments were conducted at 10 mg/mL cocaine.  

In the second part of the experiment, the DAL-TRAM+cocaine experimental 

groups from the first half of the experiment were compared to several control groups. 

Mice (n = 53) were assigned to one of 7 conditions where i.p. injections were as follows 

pretreatment+treatment; Sub-TRAM+10 mg/mL cocaine (n =8); DAL-TRAM+10 

mg/mL cocaine (n=8); DAL-TRAM+ 5 mg/mL cocaine (n=8): DAL-TRAM+1 mg/mL 

cocaine (n=7); DAL-TRAM+saline (n=8); TRAM+saline (n=8); saline+saline (n=6). 

Groups where the n=value is italicized were from the first part of the experiment.  Mice 

received the first injection of either loaded-TRAM (loaded with DBA or Sub) or empty-

TRAM and then 5 min later received the second injection (cocaine or saline). Five 

minutes following the second injection animals were placed into the locomotor apparatus 

and their horizontal motor activity was monitored over a 30 min session. The total 

horizontal activity of each group is shown in Figure 5.15.  
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Figure 5.15: Total horizontal locomotor activity of DAL-TRAM and control treated 
animals over a 30 min session. A significant effect of group (F(6,46 ) = 22.71, 
p<0.001) was revealed by On-Way ANOVA analysis. Post-hoc analyses by Fisher’s 
LSD revealed significant differences between treatment conditions as indicated (*p 
< 0.05). Groups sizes were as follows; Sub-TRAM+10 mg/mL cocaine (n=8), DAL-
TRAM+10 mg/mL cocaine (n=8), DAL-TRAM+5 mg/mL cocaine (n=8), DAL-
TRAM+1 mg/mL cocaine (n=7), DAL-TRAM+saline (n=8), TRAM+saline (n=8) and 
saline+saline (n=6). Error bars represent “mean + SEM”. 

A significant group effect (F(6,46) = 22.71, p < 0.001; Figure 5.15) was revealed by 

analyses with One-way ANOVA on the total number of activity counts during the 30 min 

session.  Post-hoc analyses by Fisher’s LSD revealed that the Sub-TRAM+10 mg/mL 
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cocaine group was more active than all other groups (p < 0.05). The DAL-TRAM+10 

mg/mL cocaine and DAL-TRAM+5 mg/mL cocaine groups were more active than the 

DAL-TRAM+1 mg/mL cocaine group and the 3 saline-treated control groups (p < 0.05).  

Taken together, these results suggest that the specific affinity of the DBA for dopamine 

was responsible for the observed differences in total locomotor activity between the 

experimental (DAL-TRAM) and control groups. This finding complements the RT-qPCR 

data which showed that both the DBA and Sub sequences were present in brain tissue. 

However, as observed in the behavioural data, only the DBA was able to bind to 

dopamine resulting in the attenuation of hyperlocomotion in cocaine-treated animals. The 

experimental evidence presented supports the conclusion that the DAL-TRAM was 

effective in decreasing cocaine-induced hyperlocomotion, however it is important to note 

that locomotor behaviour was not normalized to the locomotor activity levels of the 

saline controls. Future work should examine optimizing the multi-DNA aptamer 

payload/targeting system to increase the therapeutic effect.  

The observed reduction of locomotor activity in DAL-TRAM treated animals is 

comparable to the effect of traditional D1/D2 antagonists, which prevent the action of 

dopamine by binding to dopamine receptors and blocking the action of receptor 

agonists.397 However, a different mechanism of action has been proposed for the DBA 

(see Chapter 4).  Briefly, the DBA is hypothesized to bind directly to synaptic DA based 

on the affinity of the aptamer for free dopamine.  The interaction of the DBA with DA 

would effectively decrease the available concentration of DA in the synaptic cleft that is 

able to act on post-synaptic dopamine receptors and autoreceptors. This effective 

decrease in synaptic dopamine which manifests behaviourally as nearly or fully 
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normalized locomotor behaviour which is consistent with what was observed in this 

experiment and the experiments described in Chapter 4 respectively. 

5.5.4.2 Experiment II:  Variations of the multi-aptamer payload/targeting system 

(DAL-TRAM) were examined to determine the specific role of each 

component of the system 

 Several control variations of the DAL-TRAM system were tested and compared 

to the efficacy of DAL-TRAM in vivo to determine the possible interfering effects of the 

non-active components of the multi-DNA aptamer payload/targeting system on cocaine 

induced hyperlocomotion. The following experimental (10 mg/mL cocaine treated) and 

control (saline treated) groups were examined: saline/saline (n=6), TRAM+saline (n=8), 

DAL-TRAM+saline (n=8), DAL-TRAM+cocaine (n=8), DAL+cocaine (n=9), ROL-

TRAM+cocaine (n= 7), TRAM+cocaine (n= 8), and Sub-TRAM+cocaine (n=8).  As was 

done in Experiment I, mice were given the first injection (DAL-TRAM, DAL-TRAM 

variation, or saline) followed 5 minutes later by the second injection (cocaine or saline). 

Following another 5 min delay, mice were placed into the locomotor apparatus and their 

total horizontal activity over the 30 min session was monitored (Figure 5.16). 
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Figure 5.16: The efficacy of multiple control variations of the multi-DNA aptamer 
payload/targeting system in decreasing cocaine (10 mg/mL) induced 
hyperlocomotion was examined. The total horizontal activity over a 30 min session 
is shown. A significant group effect (F(7,54) = 14.22, p < 0.001) was revealed through 
analysis by a One-way ANOVA. Fisher’s LSD post-hoc analyses revealed a 
significant difference between groups (*p < 0.05). Examined groups were as follows; 
saline+saline (n=6), TRAM+saline (n=8), DAL-TRAM+saline (n=8), DAL-
TRAM+10 mg/mL cocaine (n=8), DAL+10 mg/mL cocaine (n=9), ROL-TRAM+10 
mg/mL cocaine (n=7), TRAM+10 mg/mL cocaine (n=8), and Sub-TRAM+10 mg/mL 
cocaine (n=8). Error bars represent “mean + SEM” 
 

A significant group effect (F(7,54) = 14.22, p < 0.001; Figure 5.16) was revealed through 

analysis by One way ANOVA on the total number of activity counts during the 30 min 

session. Post-hoc analyses by Fisher’s LSD revealed a significant difference between the 
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DAL-TRAM+10 mg/mL cocaine group and all other control and variation groups 

(p<0.05). The total horizontal activity of the DAL+10 mg/mL cocaine, ROL-TRAM+10 

mg/mL cocaine, TRAM+10 mg/mL cocaine and Sub-TRAM+10 mg/mL cocaine groups 

was significantly elevated compared to both the aptamer (DAL-TRAM+cocaine; p<0.05) 

and saline control groups (p<0.001). Taken together, these data suggest that the TRA 

mediated delivery of the DBA payload to the brain mediated the observed decrease in 

hyperlocomotion. 

Specifically, a liposome with no oligonucleotide payload (TRAM) was 

administered to determine whether or not hyperlocomotion was affected by the TRA 

conjugated liposome. Neither locomotion in the absence of cocaine nor a reduction in 

hyperlocomotion in cocaine treated animals was observed following treatment with 

TRAM suggesting that the TRAM vehicle did not have a non-specific deleterious effect 

on locomotion. To examine the essential role of the TRAM in delivering the aptamer 

payload (DBA) to the brain animals were administered with DAL, DBA loaded liposome 

without transferrin aptamer. No reduction in hyperlocomotion was observed when the 

DAL was administered. Therefore, systemic administration of the DBA via DAL 

(without the TRAM component of the system) was ineffective in delivering the DBA to 

the brain. Previously, the direct injection of a random oligonucleotide into the nucleus 

accumbens showed no effect on locomotor behaviour (see chapter 4). To confirm that 

neither a random oligonucleotide (ROL-TRAM) nor a non-binding variant of the DBA 

(Sub-TRAM) had non-specific effects on hyperlocomotion, these control variants were 

examined. No reduction in hyperlocomotion was observed in either case. These 

observations confirmed that DBA was essential to the system, and simply the presence of 
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foreign DNA alone, did not lead to a significant decrease in locomotor behaviour in 

cocaine treated animals. Importantly, the singular role of the DBA in decreasing 

locomotor behaviour was confirmed by the significant decrease in locomotor behaviour 

observed between the DAL-TRAM/cocaine treated animals compared to all other control 

variations (the transferrin-negative liposomes (DAL+cocaine), random oligonucleotide 

(ROL-TRAM+cocaine), non-binding DBA variant (Sub-TRAM+cocaine) and the 

liposome with no oligonucleotide payload (TRAM+cocaine)). Additionally, acute 

treatment with the DAL-TRAM in saline treated animals was examined to determine 

whether the DAL-TRAM had any effect on locomotor behaviour in normal animals. 

Compared to the saline+saline control group, treatment with DAL-TRAM did not 

produce significant motor deficits in saline treated animals. This finding is consistent 

with the work described in Chapter 4 and is an important advantage of the DBA over 

traditional D1/D2 antagonists, which often cause disruptive extrapyramidal side 

effects.453 

5.5.5 Experiment III: The effect of chronic administration of DAL-TRAM was 

examined by behavioural and histochemical methods  

5.5.5.1 Experiment III A: Chronic administration of DAL-TRAM in saline treated 

animals 

 Preliminary evidence from the first and second experiments suggested that motor 

deficits were not produced by acute injection of the DAL-TRAM in saline treated 

animals. Therefore the purpose of the third behavioural experiment was to examine 

whether or not chronic injection of either the DAL-TRAM/saline or the TRAM/saline 
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day and 5-min time bin (F(25,50) = 2.00, p < 0.01)  as well as a significant three-way 

interaction between treatment condition, day and 5-min time bin (F(50,300) = 1.65, p < 

0.01) was observed.  However, since there was no main effect of treatment condition, no 

further analyses were performed on this data. 

To further analyze whether chronic administration of either the DAL-TRAM or 

TRAM led to motor deficits, a one-way ANOVA on the total locomotor activity was 

performed (Figure 5.17 B). No main effect of group (F(3,24)=0.949, p=0.433) was 

revealed. Together, these data suggest that horizontal locomotor activity was not affected 

by the chronic administration of DAL-TRAM or TRAM. 

5.5.5.2 Experiment III B: Fluorescent histochemical investigation of neuronal 

degeneration by Fluoro-Jade B Staining 

Whether or not cellular degeneration occurred in animals that had been 

chronically treated with either DAL-TRAM or TRAM was investigated. Fluoro-Jade B, 

known to stain the cell bodies, the axons, the axon terminals and the dendrites of 

degenerating neurons with high affinity and minimal background staining regardless of 

the source or mechanism of injury was used to examine brain tissue from DAL-TRAM or 

TRAM treated animals after chronic administration.454,455 To examine whether chronic 

systemic administration of either DAL-TRAM or TRAM caused damage at the cellular 

level, mice were euthanized and brain tissue was processed for Fluoro-Jade B staining 48 

hours after the last locomotor assessment of experiment III A.454 Representative images 

of tissue samples from the DAL-TRAM, TRAM and no injection groups were compared 

to control tissue (Figure 5.18) to identify cellular damage. In the positive control image, 
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physical damage was caused by implantation of a chronic, indwelling cannula and as a 

result of the damage extensive Fluoro-Jade B staining near the cannula tip and extending 

outward was revealed. 456 This pattern of fluorescence was consistent with damaged 

neurons (Figure 5.18: white arrows) and reactive astrocytes or gliosis.456  In comparison, 

appearing similarly stained to the negative, no injection control (D), Fluoro-Jade B 

stained tissue from both the chronic administration of the DAL-TRAM (B) and the 

TRAM (C) groups showed no evidence of cellular degeneration. 

 

Figure 5.18: No indication of neuronal degeneration in animals that had been 
chronically treated with DAL-TRAM was revealed by Fluoro-Jade B staining. (A) 
Regions of neural tissue damage are indicated by white arrows. Magnification is at 
20X. 
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No sign of cellular damage after repeated (chronic) systemic injections of either DAL-

TRAM or TRAM was observed in the nucleus accumbens, indicating that cellular 

viability was maintained after chronic treatment with either DAL-TRAM or TRAM. 

Early indications of inflammation and cellular damage should be more thoroughly 

investigated in future experiments. 
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5.6 Conclusions and Future Work 

The data presented in this chapter have shown that the multi-aptamer 

payload/targeting system described was able to effectively decrease cocaine-induced 

hyperlocomotion without causing motor side effects or neuronal degeneration. The 

application of this multi-DNA aptamer payload/targeting system to investigate dopamine-

related pathology is not limited to this model of  cocaine addiction but could also be used 

to investigate cognitive deficits associated with schizophrenia as well.375 In fact, given 

the success of the DBA in normalizing schizophrenic-like behaviour after acute intra-

accumbens injection (Chapter 4), it is possible that delivery of the DBA to the brain via 

the systemic administration of DAL-TRAM could also normalize schizophrenic-like 

behaviour.375 Importantly, the impact of the multi-DNA aptamer payload/targeting 

system should be acknowledged as to the authors’ knowledge these data presented here 

demonstrate the first example of a systemically administered multi-aptamer 

payload/targeting system to delivery aptamer payload across the BBB and attenuate 

behaviour in an animal model of mental illness-associated behaviours.  

Additionally, the potential applications of the multi-DNA aptamer 

payload/targeting system are only limited by the availability of aptamers for specific 

targets within the CNS. Several aptamers have been selected for CNS-related targets, and 

many of these aptamers could be combined to develop novel multi-aptamer 

payload/targeting systems.1 The potential applications of the payload aptamer are also 

diverse; currently applications of aptamers within the CNS include but are not limited to 

diagnostics, therapeutics, contrast and imaging agents, receptor modulators etc.1 
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Furthermore, the inclusion of multiple aptamers (for different targets or with different 

affinities) or modified aptamers such as aptazymes and SOMAmers could broaden the 

target diversity and increase the functionally responsive range of the aptamer payload for 

its cognate target(s), as well as add additional elements of biostability, structural stability, 

and functionality to the multi-aptamer payload/targeting system.457,458 

Future work should investigate modifications to the multi-DNA aptamer 

payload/targeting system described in order to optimize it for more generalized CNS 

treatment approaches. An example of such a modification would be to change to the TRA 

targeting moiety of the multi-DNA aptamer payload/targeting system. Recently, 

increased structural stability and biological activity in comparison to the originally 

reported TRA (investigated in this work) were reported for truncated minimers as well as 

rationally designed full length mutants.240  Moreover, aptamer modifications to increase 

in vivo stability and circulation time of the aptamer post liposome release should also be 

examined. Finally, the properties of the payload/targeting liposomal system, such as in 

vivo stability and payload release from the liposome vehicle should be optimized to 

enhance the therapeutic efficacy of the multi-DNA aptamer payload/targeting system.  
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6 The selection of dopamine-binding aptamers for central 
nervous system related applications 
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6.1 Statement of Contributions 

 The selection of DNA aptamers for dopamine was performed by EM McConnell, 

with guidance from R. Walsh and MC DeRosa. The selection described in this section 

was performed by EM McConnell in 2008-2009 as an undergraduate student prior to the 

commencement of EM McConnell’s Ph.D. work. A brief summary of this work is 

necessary to include as it is contextually important. The affinity and specificity of the 

aptamers for dopamine were examined by EM McConnell with assistance from C. 

Bradley and Y. Miguel. Conceptual design of experiments for the determination of KD 

and specificity was by EM McConnell and MC DeRosa. The gold nanoparticle sensor 

work was done by EM McConnell and JP Callahan. Animal related work was 

conceptualized by EM. McConnell, K. Ventura, MR. Holahan and MC. DeRosa. Animal 

related work was done by EM. McConnell, K. Ventura, Z. Dwyer, T. Wilson, M. 

Sieczkos and MR. Holahan. 

6.2 Resulting Publications 

 None of the data presented in this chapter are published. The manuscript of this 

work is under preparation. 
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6.3 Introduction 

6.3.1 Objectives 

 This chapter describes the selection of novel dopamine binding DNA aptamers for 

the neurotransmitter target dopamine. The secondary structure, affinity and specificity of 

one minimal aptamer, DopaA20min were characterized by multiple methods. The 

development of an aptamer-based gold nanoparticle sensor for the detection of dopamine 

is also described. Finally, the effect of peripherally delivered DopaA20min on 

hyperlocomotion was examined in an animal model. 

6.3.2 Dopamine in the CNS  

 The monoamine neurotransmitter dopamine is involved in multiple complex 

processes within the CNS including normal motor function, learning and memory, 

emotion, motivation, and reward.384,459 Dopamine-related abnormal functioning has been 

linked to psychiatric and neurodegenerative diseases and disorders such as Parkinson’s, 

schizophrenia, addiction, Huntington’s, Tourette syndrome, bipolar disorder and attention 

deficit hyperactivity disorder169,459–464 Clearly, DA plays a critical role in complex CNS 

functioning. Therefore the selection of novel DNA aptamers may provide a valuable tool 

for dopamine-related maladies. 

6.3.3 Existing dopamine binding aptamers (DBAs) 

 Two commonly used and well characterized aptamers have been selected for 

dopamine. The first aptamer selected for dopamine was an RNA aptamer described by 

Mannironi et al., (1997) and was one of the first aptamers selected for a small molecule 

target.280,291 The tertiary structure of the aptamer was predicted to be two stem loop 
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motifs that come together to form a binding domain in which a single dopamine molecule 

was able to interact. Equilibrium filtration was used to estimate the dissociation constant 

of this interaction as 1.6 ± 0.2 µM. This prediction was supported by minimization and 

mutational analysis studies used to identify nucleotides implicated in dopamine-aptamer 

binding. The specificity of the aptamer was evaluated by testing its binding affinity 

against similar derivative molecules and other small molecule neurotransmitters using 

affinity chromatography. Some affinity of the aptamer for norepinephrine (NE) and L-

3,4-dihydroxyphenylalanine (L-DOPA) was shown with relative elution values of 53 ± 13 

and 30 ± 13 percent of dopamine elution respectively. The final reported aptamer 

sequence was a minimal 57 nucleotide sequence (henceforth referred to as the RNA 

DBA) 

 An interesting feature of the sequence of the RNA DBA was that the nucleobases 

important for binding of the dopamine to the RNA aptamer were not specific to RNA. 

For this reason, the ability of the DNA homolog of the RNA DBA sequence to bind 

dopamine was investigated.284 The DNA homolog was shown to not only retain its 

dopamine binding functionality but also to have an improved affinity for both dopamine 

and NE. Of note, the DNA homolog showed slightly higher affinity for NE (0.4 µM) than 

dopamine (0.7 µM). The differences observed in the measured affinity could be due to 

either the affinity method used or the structural differences between DNA and 

RNA.276,284 In fact, increased sensitivity and specificity  of the DNA aptamer over the 

RNA aptamer was observed when the two aptamers were compared in an enzyme-linked 

aptamer assay (ELAA).465 The authors proposed that the secondary structure and 
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resultant tertiary interaction of the dopamine and DNA homolog was similar to that 

described for the RNA aptamer. This claim was supported by mutational analysis and 

later confirmed by the use of circular dichroism.284,466 It is important to highlight that this 

is one of only a few examples where the aptamer sequence was transcribed from one 

nucleic acid type to another and similar structure and functionality were maintained.467 

6.3.4 Dopamine binding aptamer (DBA) based detection assays 

 Multiple sensing-based applications have been developed using either the DNA or 

RNA dopamine binding aptamers. Most commonly, electrochemical biosensors were 

developed. Additionally, enzyme-linked and gold nanoparticle based assays were also 

described. Depending on the method the detection range spanned from picomolar to 

micromolar concentrations, providing functionality within physiologically relevant 

conditions. This work is summarized in Table 6.1, Table 6.2, and Table 6.3.  

Table 6.1: RNA DBA280 based dopamine detection assays  

Detection 
matrix 

Detection method and sensor design Reference  

Human serum Competitive enzyme-linked apt assay 

(DR: 50 pM-0.1 µM; LOD: 1.0 pM) 

(Park and 
Paeng, 2011)468 

PBS spiked with 
relevant 
competitors 

Specific label-free electrochemical biosensor 

(DR: 100 nM-5 µM; LOD: 0.1 µM) 

(Farjami et al., 
2013)469 

Tris buffer (pH 
7) spiked with 
relevant 
competitors 

Specific electrochemical biosensor 

(DR: 100 nM-5 µM; LOD: 50 nM) 

(Jiao et al., 
2013)470  
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PBS (pH 7.4) Optimization of biosensor reported by Farjami et 
al., 2013469 

(KD: 0.12 ± 0.01 μM; DR: 0.1 -2 μM; LOD: 0.1 
μM) 

(Álvarez-Martos 
et al., 2015)471 

Fetal calf serum Specific label-free aptasensor and confirmation of 
the dissociation constant 

(KD: 1.03 ± 0.09 µM; DR: 0.1-1 µM; LOD: 62 
nM) 

(Álvarez-Martos 
et al., 2016)472 

Abbreviations: aptamer (apt), detection/dynamic range (DR), limit of detection (LOD), 
dissociation constant (KD) 

Table 6.2: Sensors developed based on both the RNA280 and DNA284 dopamine-
binding aptamers (DBAs) 

Detection 
matrix 

Detection method and sensor design Reference  

Human serum Comparison of sensitivity and specificity of both 
aptamers in competitive ELAA 

(RNA: DR: 1.0 × 10-4 mol/L - 1.0 × 10-7 mol/L; 
LOD: 6.3 × 10-8 mol/L; DNA: DR: 5.0 × 10-6 
mol/L to 1.0 × 10-10 mol/L LOD: 3.2 × 10-12 
mol/L) 

(Kim et al., 
2014)465 

Abbreviations: detection/dynamic range (DR), limit of detection (LOD), enzyme-linked 
aptamer assay (ELAA) 

Table 6.3: Dopamine detection assays based on the DNA dopamine-binding 
aptamer284 

Detection 
matrix 

Detection method and sensor design Reference  

Aqueous Apt AuNP based colorimetric biosensor (DR: 
0.54-5.4 µM; LOD: 0.36 µM) 

(Zheng et al., 
2011)466 

Human serum Label-free electrochemical aptasensor 

(DR: 0.007-90 nM; LOD: 0.00198 nM) 

(Liu et al., 
2012)473 

DA release 
from PC12 cells 
under hypoxic 

Specific label-free nanowire-transistor biosensor 

(KD: 120 ± 10 pM; DR: 10-11 – 10-8 mol/L;LOD: 

(Li et al., 
2013)474 
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conditions 10-11 mol/L) 

Human serum Label-free electrochemical aptasensor 

(DR: 5-150 nM; LOD: 1.0 nM) 

(Zhou et al., 
2014)475 

Human serum Personal glucose meter-based apt biosensor 

(DR: 0.08-100 µM; LOD: 0.03 µM) 

(Hun et al., 
2015)476  

PBS (pH 7.4) Apt-In2O3 biosensor 

(DR: 10-11 – 10-7 M) 

(Kim et al., 
2015)477 

PBS Detection of DA by SERS using an apt 
immobilized by a thiol linker to noble metal on a 
fused silica chip 

(DR and LOD: not reported) 

(Peters et al., 
2015)478 

Tris buffer (pH 
7.4) 

Electrochemical detection based on apt-
functionalized glassy carbon electrode 

(DR: 100 – 1000 µM; LOD: 100 µM) 

(Walsh et al., 
2015)479 

Swine feed and 
chicken liver 

Apt-AuNP based fluorescence sensor  

(DR: 26 - 2.9 × 103 nM; LOD: 2 nM) 

(Xu et al., 
2015)480 

PBS (pH 7.0) Apt-based fiber optic biosensor 

(DR: 0.5 – 10 µM) 

(Zibaii et al., 
2015)481 

PBS (pH 7.4) Chemiluminescence-based detection and 
dissociation constant determination (KD: 0.710 
µM; DR: 1 pM to 1 nM; LOD: 0.9 pM) 

(Gao et al., 
2016)482 

Human serum Label-free electrochemical aptasensor 

(DR: 5 - 75 µM; LOD: 3.36 µM) 

(Jarczewska et 
al., 2016)483 

PBS Apt-covered AuNP-based electrochemical 
aptasensor 

(DR: 5 nM – 500 nM; LOD: 1.8 nM. Good 
recovery of DA (~95-107%) in serum) 

(Liu et al., 
2016)484 

TRIS buffer 
(pH 7.4) 

Label-free fluorescent aptasensor 

(DR: 0.03-0.21 μM; LOD: 19 nM. Good recovery 

(Huang et al., 
2016)485 
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of DA (~101-103%) in Fetal Bovine Serum) 

Abbreviations: aptamer (apt), detection/dynamic range (DR), limit of detection (LOD), 
enzyme-linked aptamer assay (ELAA), gold nanoparticle (AuNP), dissociation constant 
(KD), dopamine-binding aptamer (DBA) 

 

6.3.5 Development of an aptamer-gold nanoparticle (Apt-AuNP) based sensor for 

the detection of dopamine 

Many of the sensors developed for the detection of dopamine use methods such as 

electrochemistry, fluorescence spectroscopy or UV-Visible spectroscopy. These 

techniques are time consuming and require trained personnel to prepare samples as well 

as collect and analyze the obtained data. The development of a colourimetric sensor for 

the detection of dopamine could provide a simple, cost-effective alternative detection 

method that could be quickly performed and interpreted without complex equipment or 

highly qualified personnel. A few colourimetric methods have been reported for the 

detection of dopamine, however in some cases low sensitivity, selectivity or ease of use 

have limited their applications.466 Specifically, the progress in detecting dopamine with 

gold nanoparticles (AuNP) by optical and electrochemical methods was recently 

reviewed.486,487  

Aptamers are commonly paired with gold nanoparticle technology to develop 

sensors. Apt-AuNP based sensors have been used to detect targets such as proteins and 

small molecules.466,488 Previously, Zheng et al., (2011) reported the development of an 

aptamer-based colourimetric biosensor based on unmodified gold nanoparticles. This 

biosensor used the DNA homolog DBA and had a good detection range (0.54 µM – 5.4 

µM) and limit (0.36 µM). The interaction between DNA and AuNPs is well known and 
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protected from salt induced aggregation and the solution remains coloured red. On the 

contrary, when aptamer-target binding occurs (Figure 6.1 B), the AuNPs are no longer 

protected from salt induced aggregation and the solution turns blue in colour. This 

distinct colour change allows for the colourimetric detection of dopamine in solution. 

6.3.6 Expanding the functionality of DBA from simple detection 

In addition to dopamine detection under in vitro physiological conditions and in 

biological samples, the DNA homolog DBA has also been investigated for its ability to 

attenuate behaviour in live animals (see Chapter 4 and Chapter 5). The DNA homolog 

DBA has also been used to improve the functionality of existing DNAzyme technology. 

In this work, a DNAzyme and aptamer hybrid was designed to include either one or two 

DNA homolog DBA domains.284,489,490 The addition of this domain to the DNAzyme, 

allowed for the concentration of the substrate, dopamine, by increasing the proximity of 

the substrate molecule to the DNAzyme domain, thereby enhancing the catalytic activity 

20-fold over the separate DNAzyme and DBA molecules.489 In this way the DNAzyme-

aptamer hybrid was able to act like a nucleic acid based synthetic enzyme by bringing the 

active site (hemin/G-quadruplex DNAzyme) in close proximity to the substrate binding 

site (DBA aptamer). This was an important study as it shows that aptamers can be 

combined with DNAzymes to design and tailor the functionality of synthetic enzymes.  

6.3.7 Justification for the selection of novel dopamine binding aptamers 

 The first DBA aptamer was selected from an RNA library that was 114 

nucleotides long (random region: 80 bases). The affinity of the examined full length 

candidate was 2.8 µM. A minimal aptamer was identified through secondary selections 
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and its affinity and selectivity were evaluated as described in section 6.3.3. Finally a 

further minimized 57 base aptamer was reported as the minimal aptamer (RNA DBA). 

Since DNA is an intrinsically more stable molecule, Walsh and DeRosa (2009) 

developed and characterized the DNA homolog of the minimal RNA DBA aptamer.284 

The DNA homolog proved to be an equally successful aptamer exhibiting a slightly 

better dissociation constant of 0.7 µM compared to the 1.6 ± 0.2 µM of the original RNA 

aptamer.280,284 Further, both aptamers exhibited some affinity to norepinephrine with the 

DNA homolog having a slightly better affinity for norepinephrine (0.4 µM) than 

dopamine.284  

 Therefore, a novel selection was carried out to select DBAs with better affinity 

and selectivity than either existing aptamer. Selection conditions considered to optimize 

selection experiment success were the use of a DNA library and long library template 

length. DNA was chosen as the nucleic acid type to increase stability of the selected 

aptamers. The template length of the DNA pool was purposely kept long (96 bases with a 

random region of 60 bases) in order to access complex secondary structures. 

Additionally, the selection was motivated by the desire to select aptamers with different 

dissociation constants than the previously reported aptamers for the purpose of 

investigating the effect of varying aptamer affinity on aptamer success in animal models. 
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6.4 Materials and Methods 

6.4.1 Selection of a DNA aptamer that binds to dopamine 

6.4.1.1 Chemicals and reagents 

 Acrylamide, agarose, ammonium acetate, ammonium persulfate, EDTA, LB 

Broth, TEMED, Tris, N,N’-methylenebisacrylamide, urea, and X-Gal were purchased 

from BioShop Canada (Burlington, ON, Canada). Reagents for PCR (15 mM MgCl2, 10 

mM dNTP mix, and Taq DNA polymerase) were obtained from BioShop Canada. C-52 

sephadex, dopamine hydrochloride, formamide, G-50 sephadex, KCl, KIO4, L-ascorbic 

acid, Magnesium acetate tetrahydrate, NaCl, and Triton X-100 were purchased from 

Sigma-Aldrich (Oakville, ON, Canada). Dopamine-agarose column was obtained from 

MP Biomedicals, Inc. (Santa Ana, CA, USA). HCl was purchased from Anachemia. 

NaOH was obtained from VWR (Mississauga, ON, Canada). Anhydrous ethyl alcohol 

was purchased from Commercial Alcohols, Inc. (Brampton, ON, Canada). LB-Agar 

Ampicillin plates were kindly provided by Derek Hodgson of Health Canada. DNA 

synthesis reagents and phosphoramidites were purchased from Glen Research (Sterling, 

VA, USA) and BioAutomation (Irving, TX, USA).    

6.4.1.2 Oligonucleotide library preparation 

The initial DNA library was prepared on a MerMade 6 DNA synthesizer 

(BioAutomation, Irving, TX, USA) using standard phosphoramidite chemistry. 

Synthesized DNA was cleaved from the synthesis columns in ammonium hydroxide at 

55°C overnight. The DNA library was then purified using an Agilent 1200 series HPLC 

(Agilent Technologies: Santa Clara, CA, USA). The template of the random ssDNA pool 
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was 5’-ATACCAGCTTATTCAATT-N60-AGATAGTAAGTGCAATCT-3’, where N60 

represents the number of randomized nucleotides. This template was originally described 

by Stoltenburg, et al., (2005).315 The forward and reverse PCR primers were as follows; 

5'-ATACCAGCTTATTCAATT-3' and 5 '-AGATTGCACTTACTATCT-3'. During the 

selection the forward primer was 5’-modified with 6-fluorescein phosphoramidite, and 

the reverse primer was 5’-modified with poly-dA20-HEG to allow for efficient separation 

of the double stranded PCR product and isolation of the fluorescently labelled selection 

pool. For cloning, the PCR primers were used without 5’-modifications. For the purposes 

of screening aptamer candidates after cloning and sequencing, DNA was purchased from 

Alpha DNA (Montreal, QC, Canada). 

6.4.1.3 SELEX 

 Selection was performed as previously described with some modifications.280,315 

The DNA library was dissolved in SELEX column buffer (SCB: 50 mM Tris-HCl pH 

7.4, 5 mM MgCl2, 0.5 M NaCl and 0.02% L-ascorbic acid), heated to 90°C for 10 min, 

cooled to 4°C (15 min) then let stand for 5 min at room temperature. The selection 

column was prepared by loading dopamine-agarose into an EconoColumn (BioRad, 

Saint-Laurent, QC, Canada). The column volume of the first selection round was 1 mL 

and subsequent rounds were 0.2 mL. Before each selection round began the column was 

washed with 50 vol. of SCB. To begin each selection round, the fluorescence of the DNA 

library was measured before it was loaded onto the dopamine-agarose column and 

allowed to equilibrate with gentle agitation for 1 hour. To remove non-specifically 

interacting DNA following the 1 hour incubation period, the column was washed with 
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SCB and the DNA coming off was monitored by UV-Vis and/or fluorescence 

spectroscopy. When the amount of non-specific DNA was indiscernible, dopamine-

binding DNA was eluted with 0.1 M dopamine solution prepared in SCB. During the 

third round of selection, a second wash with 90°C, 7.4 M urea dissolved in SCB was 

introduced. The purpose of this was wash was to elute strongly binding DNA that had not 

been eluted by the 0.1 M dopamine wash. In the fourth selection round, since the 0.1 M 

dopamine was no longer efficient at eluting bound DNA, the library was eluted solely 

with 7.4 M urea. Immediately following elution, the fractions were concentrated using 

YM-3 centrifugal filter units (Millipore, USA) and the fluorescence of the post-selection 

pool was measured using a Cary Eclipse Fluorescence Spectrophotometer (Varian, USA) 

using a 40 μL fluorescence cell (Varian, USA). The DNA library was then dried using a 

Savant DNA120 SpeedVac Concentrator (ThermoElectron Corporation, USA) in 

preparation for PCR. Before the 1st and 4th rounds of selection, the library underwent 

negative selection against an agarose column prior to the positive selection on the 

dopamine-agarose column. 

6.4.1.4 Amplification of the DNA library by polymerase chain reaction (PCR) 

 PCR reactions were prepared to a total volume of ~100 μL by combining 50 μL of 

FluMag PCR buffer (0.2 M Tris-HCl pH 9, 0.1 M KCl, 2% triton X-100), 3.8 μL of 15 

mM MgCl2, 2 μL of dNTP mix, 0.5 μL of the either the unmodified or fluorescently 

labeled forward primer (Flu primer), 0.5 μL of either the unmodified or the poly A 

elongated reverse primer (poly A primer), 1 uL TAQ DNA polymerase, and 41 μL 

deionized H2O to the DNA pool.  Positive and negative control reactions were prepared 
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by substituting 1 μL of control pool or deionized H2O respectively in place of the 

respective selection round DNA pool. PCR was run on a Mastercycler epgradient 

(Eppendorf, Hauppauge, NY, USA) using the following thermal profile: 94°C for 10 min 

then either 30 or 45 cycles of 94.0°C (1 min), followed by 47.0°C (1 min) then 72.0°C (1 

min). After the final cycle was complete, the reactions were held at 72.0°C (10 min), then 

cooled to and held 4°C.  

6.4.1.5 Single-stranded DNA library purification by polyacrylamide gel 

electrophoresis (PAGE) 

After PCR, the ssDNA pool was purified and isolated by polyacrylamide gel 

electrophoresis (PAGE) on 12% denaturing gels using an SE 600 Chroma Standard 

Vertical Electrophoresis Unit (Hoefer, USA) with an FB100 power supply (Fisher 

Scientific, Ottawa, Canada). Briefly, polyacrylamide gels were prepared by combining 

31.5 g of urea, 23.5 mL of acrylamide stock (5.3 M acrylamide and 130 mM N,N’-

methylenebisacrylamide), 15 mL of 5X TBE (0.445 M Tris, 0.445 M boric acid and 

0.010 M EDTA), and 14 mL of deionized H2O while heating the solution to 37°C with 

stirring. The solution was filtered by gravity and allowed to cool to room temperature 

before the addition of 450 μL of 10 % ammonium persulfate and 35 μL of TEMED. Gels 

were poured between vertical plates (SE6102; Fisher Scientific, Ottawa, Canada) and 

allowed to set for 30 minutes. Samples were dissolved in equal volume formamide and 

10 mM tris buffer (pH 7.4), heated to 55°C then loaded onto the gel. Gels were run at a 

constant amperage of 25 mA for ~ 2 hours to allow for adequate separation of the double 

stranded PCR product into the single strands. Gels were imaged using an AlphaImager 
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EC (Alpha Innotech: Fisher Scientific, Ottawa, Canada) using both the Epi UV and 302 

nm settings. The desired bands were cut from the gel and suspended in elution buffer 

(0.1% SDS, 0.5M ammonium acetate, 10 mM magnesium acetate) at 37°C overnight to 

extract the DNA from the gel. The extracted DNA was filtered to remove the gel pieces 

then desalted and dried prior to the next round of selection. 

6.4.1.6 Cloning 

 The DNA library from the final selection round was cloned using a StrataClone 

PCR Cloning Kit (Agilent Technologies, USA) as per the manufacturer’s instructions. 

The cloning kit included a StrataClone Vector Mix amp/kan, StrataClone Cloning Buffer, 

StrataClone control insert (5 ng/μL), StrataClone SoloPack Competent cells, and pUC18 

Control Plasmid (0.1 ng/μL in TE buffer). The colonies were grown on LB-ampicillin 

agar plates (1.0% NaCl, 1.0% tryptone, 0.5% yeast extract, 2% agar, and 100 μg/μL) at 

37°C overnight. Blue/white screening was used to identify colonies to sequence. 

6.4.1.7 Sequencing 

 Colonies identified as having aptamer present by blue/white screening were sent 

to MCLAB (Molecular Cloning Laboratories: San Francisco, CA, USA) for 

oligonucleotide sequencing. DNA was sequences with special consideration that the 

sequences likely contained hairpin secondary structure. Sequences analysis was done 

using the MCLAB 96-Well Pairwise Alignment Tool. 

280 

 



6.4.1.8 Screening of aptamer candidates by fluorescence anisotropy  

 To screen the aptamer candidates identified by cloning and sequencing, an 

apparent dissociation constant for each candidate was measured by fluorescence 

anisotropy. Measurements were obtained on a Fluoro-Log 3 (Horiba Jobin Yvon: Edison, 

NJ, USA). Samples were prepared by combining a constant concentration of dopamine 

(1.0 × 10-7 mol/L) with DNA concentrations ranging from 10-11 to 10-7 mol/L.491  The 

apparent dissociation constant was determined based on a linear model between 

theoretical and experimental anisotropy. The best fit was obtained by optimizing the 

residual values between the theoretical and experimental anisotropy values using the 

‘Solver” application in Microsoft Excel.284,492  

6.4.1.9 Identification of minimal aptamers from DopaA20  

 The DopaA20 sequence was arbitrarily truncated and the affinities of these 

sequences were screened by fluorescence anisotropy. The best minimal aptamer was 5’-

AGCGGGAGGATATGCTCTGCTGTTGGATAGGTGTATATGTGGAGATAGTAAGTGCAATCT-3’ 

and shall henceforth be referred to as DopaA20min. 

6.4.2 Determination of aptamer stability by thermal denaturation 

6.4.2.1 Secondary Structure prediction 

 The secondary structure of the DopaA20min aptamer was predicted using 

RNAstructure “Fold” which predicts structures based on the lowest free energy.493 The 

software was developed by the Mathews Group and is available free-of-charge at the 

following web address: 

http://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Fold/Fold.html. QGRS Mapper 
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and imGQfinder were used to analyze DopaA20min for the presence of G-

quadruplexes.494,495 QGRS Mapper and imGQfinder are available online at the following 

web addresses respectively: http://bioinformatics.ramapo.edu/QGRS/index.php and 

http://imgqfinder.niifhm.ru/. The following user-defined parameters were used when 

analyzing DopaA20min with imGQfinder; Quad type (G), Number of tetrads (2), 

Maximum loop length (8), and Number of defects (1).   

6.4.2.2 Investigation of secondary structure by thermal denaturation 

 Two samples were prepared for melting temperature analyses; DopaA20min+DA 

and DopaA20min with no DA. Samples were prepared in SCB containing 5 mM KCl. 

The aptamer and DA were prepared in a 1:5 ratio such that the final concentration of the 

DNA was 1.91 × 10-6 mol/L and the final dopamine concentration was 9.55 × 10-6 mol/L. 

The absorbance value at 295 nm was measured over the range of 20°C to 80°C with a 

ramp rate of 5°C/min using a Cary 300 Bio UV-Visible Spectrophotometer (Agilent: 

Santa Clara, CA, USA) equipped with a Cary Temperature Controller (Agilent: Santa 

Clara, CA, USA) running the Cary Win UV Thermal application software (Version 3.00 

(1.82)) . Three ramps were obtained (two reverse and one forward) for each sample. 

6.4.3 Determination of the affinity of DopaA20min for dopamine  

The apparent dissociation constant of DopaA20min was determined by 

fluorescence anisotropy. Equivolumes of dopamine solution (1.0 × 10-7 mol/L) and 

DopaA20min solutions (concentrations ranged from micromolar to low nanomolar) 

prepared in SCB were combined, mixed and the anisotropy was measured. Measurements 
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were obtained on a Fluoro-Log 3 equipped with polarizers (Horiba Jobin Yvon: Edison, 

NJ, USA) according to the following equation496; 

[1.0]     𝑟𝑟 =  
�𝐼𝐼VV∗𝐼𝐼HH

𝐼𝐼VH∗𝐼𝐼HV
�−1

�𝐼𝐼VV∗𝐼𝐼HH

𝐼𝐼VH∗𝐼𝐼HV
�+2

 

Equation 1: Formula for the calculation of anisotropy (r) by FluorEssence software 
where I represents intensity, the first subscript refers to the position of the 
excitation polarizer and the second subscript refers to the position of the emission 
polarizer. Further, vertically oriented polarizers (V) and horizontally oriented 
polarizers (H) are at 0° and 90° respectively with respect to normal. 

The formula described in Equation 1 is based on the following formula496; 

[2.0]      𝑟𝑟 =  𝐼𝐼VV−𝐼𝐼VH

𝐼𝐼VV+2𝐼𝐼VH
 

 

Equation 2: The formula for anisotropy (r) is shown where I represents intensity 
and the first and second subscripts represent the position of the excitation and 
emission polarizers respectively. 

However, Equation 1 is corrected for the grating factor (G) of the instrument. The 

equation for G factor used in the FluorEssence software calculations is shown below496; 

[3.0]     𝐺𝐺(𝜆𝜆EM) =  𝐼𝐼HV

𝐼𝐼HH
 

Equation 3: The formula for G factor at a specific emission wavelength (λEM) where 
I is intensity and the first and second subscript refer to the position of the excitation 
and emission polarizers respectively. 

For each anisotropy measurement, excitation and emission wavelengths of 285 nm and 

317 nm respectively were used. Slit widths were set at 4 nm. Six measurements were 

obtained for each DNA concentration and the average anisotropy value was plotted 

against the DNA concentration. The standard curve analysis (four parameter logistic 
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curve) feature of SigmaPlot (Version 10.0: Systat Software, Inc.) was used to fit the 

anisotropy data based on the following equation; 

[4.0]   𝑦𝑦 = min + (max− min )/(1 + ( 𝑥𝑥
𝐸𝐸𝐸𝐸50

)𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻) 

Equation 4: Four parameter logistic curve where y = anisotropy, x = DNA 
concentration, min = minimum anisotropy value that can be obtained, max = 
maximum anisotropy value that can be obtained, EC50 is the point of inflection of 
the curve, Hillslope = corresponds to the steepness of the curve at the inflection 
point  

The predicted EC 50 value was taken as an estimation of the apparent KD.497 The reported 

apparent dissociation constant represents the average of four trials and the error 

represents the standard deviation between those predicted values.  

6.4.4 Development of an Aptamer-AuNP sensor for the detection of dopamine 

6.4.4.1 Chemicals and reagents 

 The phosphoramidites and reagents required for DNA synthesis were purchased 

from Glen Research (Sterling, VA, USA). The CPG columns and acetonitrile required for 

DNA synthesis were obtained from BioAutomation (Irving, TX, USA). Ultra High Purity 

5.0 argon was obtained from Praxair. Ammonium persulfate, boric acid, EDTA, TEMED, 

Tris and urea were obtained from BioShop Canada (Burlington, ON, Canada). Sodium 

chloride, sodium citrate and gold (III) chloride trihydrate (HAuCl4) were purchased from 

Sigma-Aldrich (Oakville, ON, Canada). The water used in these experiments was 

Millipore Milli-Q deionized water (18 MΩ cm). 
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6.4.4.2 Oligonucleotide synthesis 

DNA was prepared on a MerMade 6 DNA synthesizer (BioAutomation, Irving, 

TX, USA) using standard phosphoramidite chemistry. The sequence of the random 

control was: 

AGAATCTGTCGGGCTATGTCACTAATACTTTCCAAACGCCCCGTACCGATGCTGAACA. Upon 

completion of oligonucleotide synthesis the DNA was purified by polyacrylamide gel 

electrophoresis and the mass was confirmed by ESI-MS.  

6.4.4.3 Gold nanoparticle (AuNP) synthesis 

 The synthesis of AuNP was based on methods described by Turkevich et al., 

(1951).498 Before synthesis, all glassware was prepared by cleaning with Aqua Regia (3:1 

HCl: HNO3). Stock solutions of 50 mM HAuCl4 and 38.8 mM sodium citrate were 

prepared. In a 200 mL Erlenmeyer flask, 98 mL of deionized H2O was combined with 2 

mL of the 20 mM HAuCl4 stock solution and heated (with stirring) until the solution was 

vigorously boiling. Once boiling, 10 mL of the 38.8 mM sodium citrate stock solution 

was added to the Erlenmeyer flask. Nanoparticle formation was indicated by a distinct 

colour change of the solution from yellow to clear to purple to red. Once the red colour 

was observed the solution was allowed to boil for an additional 15 min. The Erlenmeyer 

flask was then removed from the heat and the AuNP solution was allowed to cool to 

room temperature while stirring. Before use, the AuNP solution was quantified according 

to the absorbance at 520 nm (extinction coefficient 2.7 × 108 M-1 cm-1).466 
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6.4.4.4 Aptamer-AuNP (Apt-AuNP) assay protocol 

 The Apt-AuNP assay was performed as described previously, with some 

modifications.466 Stock solutions of 0.25 M NaCl, 10.5 M AuNPs, dopamine (DA) and 

norepinephrine solutions ranging from 3.6 × 10-10 mol/L to 3.6 × 10-5 mol/L, and 

methionine concentrations ranging from 1.0 × 10-9 mol/L to 1.0 × 10-4 mol/L were 

prepared in deionized water. DNA was prepared to 10 µM in deionized water, heated to 

55°C for 10 mins then allowed to cool to room temperature before use. The DNA used in 

the experiment was either the DopaA20min aptamer or random DNA. To begin, 243 µL 

of target (DA, NE, or methionine) solution were combined with 6 µL of DNA (10 µM) in 

a 1.5 mL Eppendorf tube. 8 samples were prepared, six tubes contained a different DA 

concentration and DNA, one tube contained 243 µL of deionized water in place of DA 

and DNA (No target control), and one tube contained 249 µL of deionized in place of DA 

and DNA (No DNA control). The solutions were mixed and allowed to incubate at room 

temperature for 10 min. Following incubation, 135 µL of AuNP solution (10.5 nM) was 

added to each of the Eppendorf tubes. The solutions were mixed and allowed to let stand 

for 5 min then photographed. Aggregation was induced by adding 72 µL of NaCl (0.25 

M). The solutions were mixed, allowed to incubated at room temperature for 5 min and 

then photographed before the absorbance spectra were measured on a Cary 300 Bio UV-

Visible Spectrophotometer (Agilent, CA, USA) running the Cary Win UV Scan 

application software (Version 3.00 (1.82)). Data analysis was performed using Microsoft 

Excel. The mean and error (standard deviation) were calculated using the “average” and 

“stdeva” functions.  
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 The Apt-AuNP assays carried out to obtain the sensor data (target: DA) were 

performed as described. To determine the specificity of  DopaA20min using the Apt-

AuNP assay, single concentration measurements were performed using norepinephrine 

(NE), ascorbic acid (AA), tyramine (Try) or serotonin (ST) solutions prepared at 3.6 × 

10-6 mol/L and AuNPs diluted to 11 nM. For the characterization of the Apt-AuNP sensor 

response to NE after an extended aptamer-target incubation period, the first incubation 

period was extended from 10 min to 85 min. To determine the Apt-AuNP sensor 

response to DA in artificial cerebral spinal fluid (ACSF) the DA solutions were prepared 

in ACSF and ranged in concentration from 3.6 × 10-9 mol/L to 3.6 × 10-3 mol/L. ACSF 

was prepared by mixing two stock solutions (A and B) together in a 1:1 ratio before use 

as described previously.499 Stock solution A contained 0.3 M NaCl, 0.006 M KCl, 0.003 

M CaCl2 • 2H2O and 0.002 M MgCl2 • 6H2O. Stock solution B contained 0.002 M of 

Na2HPO4 • 7H20 and 0.0004 M NaH2PO4 • H20. The stock solutions of DA prepared in 

ACSF were diluted 100X and 243 µL of the 100X diluted solutions were used in the 

assay. 

6.4.4.5 Determination of the apparent KD from the Apt-AuNP assay 

 The standard curves analysis (four parameter logistic curve) feature of SigmaPlot 

10.0 was used to fit the absorbance ratio data based on the Equation 4 (section 6.3.3). 

From this, an EC 50 value was obtained which was interpreted as the apparent KD. The 

presented value represents the fit and error predicted by SigmaPlot for the average of 3 

trials. 
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6.4.4.6 Transmission electron microscopy (TEM) imaging 

TEM imaging was performed with assistance from Jianqun Wang. Carbon film on 

300 mesh copper grids (CF300-Cu) were purchased from Electron Microscopy Sciences 

(Hatfield, USA) and used as purchased. Kimwipes (Kimberly-Clark) were purchased 

from Fisher Scientific Company (Ottawa, Canada).  

To prepare samples for TEM imaging, 5-10 µL of the sample solution was 

deposited onto the copper grid. Excess solution was whisked away with a Kimwipe (after 

10 min) and the copper grid was left to dry overnight. An FEI Tecnai G2 F20 

Transmission Electron microscope (Hillsboro, USA) equipped with a Gatan ORIUS TEM 

CCD Camera (Pleasanton, USA) imaging system at 200 kV was used to examine the 

degree of AuNP aggregation. Images were resized using the Gatan Microscopy Suite 

Digital Micrograph software (Version 2.32.888.0, Gatan, Inc.). 

6.4.5 Investigation of the efficacy of DopaA20min in reducing cocaine-induced 

hyperlocomotion animal model 

6.4.5.1 Ethics Statement 

All animal procedures were approved by the Carleton University Animal Care 

Committee in accordance with guidelines set by the Canadian Council on Animal Care 

(CCAC). Approval was obtained from the Carleton University Animal Care Committee 

(AUP ID 102061). 
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6.4.5.2 Subjects 

 CD-1 mice (male: 32-38 days old) were obtained from Charles River (St. 

Constant, Canada). Animals were housed individually in clear, polycarbonate cages with 

the following dimensions: 27 x 21 x 14 cm. The vivarium temperature (19 – 22 ºC), 

humidity (50 – 60%), and lighting (12 hour dark/light cycle with lights on at 08:00) were 

controlled. Animals were fed Purina mice chow and given water ad libitum. 

6.4.5.3 Drugs 

 DA20m-TRAM, Sub-TRAM and DAL-TRAM were prepared as described in 

Chapter 5, section 5.3.3. Mice (n=40) were assigned to one of the following groups; Sub-

TRAM + 10 mg/mL cocaine (n=7), DA20m-TRAM + 10 mg/mL cocaine (n=8), DAL-

TRAM + 10 mg/mL cocaine (n=8), DA20m-TRAM + saline (n=9) and DAL-TRAM + 

saline (n=8). Cocaine hydrochloride (10 mg/mL; Sigma-Aldrich, USA) was prepared in 

0.9% NaCl and used within 24 h.  

6.4.5.4 Locomotor apparatus 

 Horizontal locomotor activity was assessed in clear polycarbonate cages (48 x 26 

x 20 cm) housed in a windowless room. Sixteen sensors (TSE-Systems, Inc., 

Chesterfield, MO) distributed 2.5 cm apart along the bottom of a locomotor box ere used 

to asses the horizontal movement of each animal. Horizontal movement was detected as a 

break in the infrared sensors. These activity counts were measured by a computer running 

Fusion HC software (AccuScan Instruments Inc., Columbus, OH).  
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6.4.5.5 Behavioural Procedure 

 Animals (male CD-1 mice; 32-38 days old) were acclimated to the laboratory 

housing conditions for at least 7 days prior to experimental manipulations. Post-

acclimation, animals were habituated to the locomotor apparatus. To do so, mice were 

pleased in the locomotor apparatus for a 30 min period on each of three consecutive days. 

Habituation trials were performed between 08:00 h and 10:00 h.  

 To evaluate the efficacy of TRAM delivered DopaA20min, animals were first 

injected i.p (0.1 mL) with DA20m-TRAM, Sub-TRAM or DAL-TRAM followed 5 min 

later with an i.p. injection (0.1 mL) of either 10 mg/mL cocaine or saline. Five minutes 

following the last injection, animals were placed in the locomotor apparatus and their 

locomotor activity was recorded in 5-min bins over an entire 30 min period.  

6.4.5.6 Statistical analysis 

 One-way ANOVA (to investigate group effects) and post hoc analyses (to 

compare groups) were performed using IBM SPSS Statistics (Version 22; Armon, NY, 

USA). 
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6.5 Results and Discussion 

6.5.1 Selection of DNA aptamers for dopamine 

 The selection of aptamers for small molecule targets is known to be especially 

challenging, the reasons for which have been previously reviewed.6 One of the biggest 

challenges with small molecule targets is that they simply do not contain the same 

amount of functional groups or exhibit the same structural complexity as larger targets.6 

Generally these properties make selecting aptamers with high affinities difficult. Despite 

these challenges, small molecule aptamers have been selected and widely used in 

medicinal, agricultural and analytical applications.  

Novel aptamers that bind to dopamine were selected by affinity chromatography 

using a dopamine-agarose column over four rounds of selection. Careful consideration 

was given to the design of the ssDNA library template. A template previously used by 

Stoltenburg et al., (2005) with a 60-nucleotide random region was chosen to balance the 

limitations of practical synthesis but also maximize the potential structural complexity of 

the sequences (see Chapter 2 section 2.5.1.2). Though evidence from the analysis of 

Aptamer Base data suggests choosing a longer template would not necessarily improve 

the probability of selecting higher affinity aptamers, some evidence has been presented 

that successful small molecule selections require larger template lengths.8,297 The ssDNA 

library was subjected to negative selections against an agarose column before the first 

and fourth rounds of selection. Non-binding sequences were partitioned from binding 

sequences by washing non-binding sequences through the column. Binding DNA that 

remained interacting with the dopamine-agarose column was removed by either 0.1 M 
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dopamine, 90°C urea (7.4 M), or both. The ssDNA library was interacting so strongly 

with the dopamine-agarose column that it was necessary to use 90°C heated urea to elute 

binding sequences from the column by the final round of selection. At this point, neither 

0.1 M dopamine nor 60°C urea (7.4 M) was sufficient. Additionally, it was becoming 

increasingly difficult to recover the bound DNA from the dopamine. For these reasons, 

after the fourth round of selection the ssDNA library was cloned and sequenced. The 

aptamer candidates were screened for affinity by fluorescence anisotropy and had 

apparent dissociation constants ranging from ~0.1 – 40 μM. The selection was deemed 

successful as this range of values (micromolar) was consistent with the mean dissociation 

constant reported for aptamers binding to small molecule targets in the literature (see 

Chapter 2 section 2.5.2).8,500 Based on the aptamer incidence post sequencing and the 

affinity screening one aptamer candidate, DopaA20, was chosen for further analysis. 

Truncation of the DopaA20 aptamer identified one particularly promising aptamer 

candidate, DopaA20min which was used in all further analyses. 

6.5.2 Physical characterization of DopaA20min 

6.5.2.1 Secondary structure analysis 

 RNAstructure was used to predict the secondary structure of DopaA20min.493 The 

predicted structure is shown in Figure 6.2. It is similar to the predicted structures of the 

RNA aptamer and DNA homolog in that is has 3 stem loops, however the predicted 

middle and 3’-stem loops were predicted to be much less stable (have fewer base 

pairs).280,396 
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Figure 6.2: The secondary structure of DopaA20min was predicted by 
RNAstructure Fold.493 The colour-coded index represents the probability of the base 
pair in percent. 

As discussed in Chapter 2 (see section 2.5.1.3) aptamers tend to be G and C rich.274 The 

G-quadruplex is also a very common aptamer secondary structure.303–305 RNAstructure is 

limited in its prediction of secondary structures because it cannot predict G-quadruplexes. 

The base composition of the sequence was examined to determine whether the 

DopaA20min aptamer may form a G-quadruplex. The percent composition of each 

nucleobase is shown in Figure 6.3.  
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oligonucleotide sequence and provides a corresponding G-score which represents the 

likelihood of the G-quadruplex existing.494,507 imGQfinder was used to predict imperfect 

G-quadruplexes by allowing the user to define the number of G-quartets required, the 

maximum loop length, and the number of defects (substitutions) allowed.495 The G-

quadruplexes predicted by both QGRS Mapper and imGQfinder are presented in Table 

6.4 and Table 6.5 

Table 6.4: Possible G-Quadruplexes predicted by QGRS Mapper 

Position Length QGRS Mapper Predicted Sequence G-Score 
4 28 GG GA GG ATATGCTCTGCTGTT GG ATA GG 8 
5 27 GG A GG ATATGCTCTGCTGTT GG ATA GG 7 
 

Table 6.5: Possible G-Quadruplexes predicted by imGQfinder 

Position Length imGQfinder Predicted Sequence 
4 23 GG GA GG ATATGCTC TG CTGTT GG 
5 22 GG A GG ATATGCTC TG CTGTT GG 
8 24 GG ATATGCTC TG CTGTT GG ATA GG 
25 18 GG ATA GG T GT ATATGT GG 
25 18 GG ATA GG TGTATA TG T GG 
 

Analysis with the QGRS Mapper software predicted two perfect G-quadruplexes. The G-

score presented represents the likelihood that the predicted G-quadruplex will form. The 

G-score calculation is based on the tendency of shorter loops to be more common than 

longer loops, that the loops are typically relatively equal in size, and that the stability of 

the G-quadruplex increases with increasing number of G-quartets.494 A higher G-score 
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DopaA20min control (red) the curve shown is for the average of all three ramps. The 

curve shown for the DopaA20min with dopamine (blue) represents the average of the two 

reverse ramps. In the case of DNA, the forward and reverse temperature ramps should be 

superimposable however, this is not always the case when the melting temperature is 

measured in the presence of target.508  For these data, a G-quadruplex secondary structure 

either with or without dopamine present seems unlikely. Generally, the presence of a G-

quadruplex is indicated by hypochromicity with increasing temperature at 295 nm.508 In 

this case, hyperchromicity was observed with increasing temperature suggesting the G-

quartet chromophore was not present. From these data the melting temperature of 

DopaA20min and DopaA20min with dopamine were estimated as 80 ± 4°C and 50 ± 1°C 

respectively, however the error between ramps was so high that the temperature 

difference observed with and without target cannot be described as significant. Future 

work should investigate measuring the melting temperature while changing the 

experimental parameters such as the temperature ramp rate, the DNA concentration, the 

target concentration and the metal cation concentrations of the buffer.508 Another 

approach would be to use circular dichroism to obtain information about the secondary 

structure and melting temperature of DopaA20min with and without dopamine.466,502,503 

The preliminary evidence presented in this section suggests that the secondary 

structure of DopaA20min is more likely similar to the secondary structure of the RNA 

and DNA homolog DBAs in which the aptamer interacts with dopamine by forming a 

binding domain between two stem loops, and does not likely form a G-quadruplex. It is 

possible the aptamer forms an entirely different secondary structure than either of those 
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range were prepared in SCB then mixed together immediately prior to measuring the 

anisotropy of the sample. The apparent KD of DopaA20min was determined to be 1.1 ± 

0.8 × 10-7 mol/L where the value is the average of four trials and the error is the standard 

deviation between those trials. The apparent KD of the DopaA20min is significantly 

better than the reported dissociation constants of both the RNA DBA aptamer (1.6 ± 0.2 

µM) and the DNA homolog DBA (0.7 µM). Therefore the first objective of the novel 

selection was satisfied; a DBA with better affinity than either existing aptamer was 

identified. 

Fluorescence anisotropy is a commonly employed technique used to  measure the 

affinity of aptamers for protein targets but has also been used to determine the apparent 

dissociation constant of small molecule-aptamer interactions.276,396,418,509 In this 

experiment, the fluorescence properties of dopamine were exploited. The anisotropy 

value measured at each aptamer concentration was dependent on the rotation of the 

fluorescent dopamine target in solution. Dopamine that is free in solution rotates 

differently than dopamine that is aptamer-bound. This difference resulted in a change in 

the anisotropy value measured. Generally anisotropy values are relatively large for the 

aptamer-target complex in solution and relatively small for the free aptamer/target in 

solution. However, the opposite trend has also been observed; in fact relatively larger 

anisotropy values for free dopamine than for aptamer-bound dopamine were observed for 

the DNA homolog DBA.396,418 The cause of the change in anisotropy due to aptamer-

target interaction is multifactorial and has not been well characterized.510   
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The judicious choice of the affinity characterization method should be based on 

the intended application. The dissociation constant determined for an aptamer-target 

interaction is largely dependent on the affinity characterization method used.276 Indeed an 

aptamer (A08) selected to bind to the small molecule ochratoxin A was shown to have an 

apparent KD in the nanomolar range by both affinity chromatography and the SyBr Green 

assay, but was described as non-binding in fluorescence polarization and SPR 

methods.276 The fluorescence anisotropy method was chosen because it allowed for the 

measurement of the aptamer’s affinity for the target in free solution without modification 

or immobilization of either the aptamer or the target. This was especially important as the 

intended applications for the DopaA20min aptamer were the development of a 

DopaA20min-based gold nanoparticle sensor and the investigation of the effect of 

DopaA20min administration on cocaine-induced hyperlocomotion. In both applications, 

the aptamer would be required to bind to dopamine in free solution. 

6.5.4 Development of an aptamer-gold nanoparticle (Apt-AuNP) based sensor for 

the detection of dopamine 

6.5.4.1 Design and optimization of the Apt-AuNP sensor 

The objective of the work described in this section was to develop an Apt-AuNP 

based colourimetric sensor for the detection of dopamine based on the novel 

DopaA20min aptamer. Briefly, the first step of the test involved the incubation of the 

aptamer (6 μL of 10 μM DNA) with its cognate target (243 μL), in this case 

DopaA20min aptamer was incubated with dopamine. In this assay, various dopamine 

concentrations ranging from 10-5 to 10-10 mol/L were prepared in deionized water and 
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and without dopamine) look similarly red. Bottom panel: following NaCl addition, 
the presence of higher dopamine concentrations resulted in more significant 
aggregation. Visually aggregation was represented by a colour change from red to 
blue.  M: mol/L 

Before the addition of NaCl (Figure 6.6: top panel) to the test solution, all of the 

dopamine concentrations appeared similarly red in colour. Importantly, in the presence of 

the aptamer, aggregation of the AuNPs was not caused by the presence of the target 

dopamine alone. Following the addition of NaCl (Figure 6.6: bottom panel) aggregation 

was observed due to the interaction of the aptamer with dopamine, and thereby the lack 

of protection of the AuNPs by the DNA. In the case of little (or no) dopamine, the 

solutions remained red in colour (see Figure 6.6: bottom panel, dopamine concentrations 

1.92 × 10-8 to 1.92 × 10-10 mol/L). This is consistent with the idea that free DopaA20min 

was able to nonspecifically interact with the surface of the AuNP, protecting the AuNP 

from salt induced aggregation. When the dopamine concentration was high and therefore 

the DopaA20min aptamer was interacting specifically with dopamine as opposed to 

nonspecifically with the AuNP, or there was no DNA to protect the AuNPs aggregation 

was observed. Depending on the degree of aggregation either a blue (relatively high – see 

Figure 6.6: bottom panel: 1.92 × 10-5 mol/L) or purple (intermediate amount – see 

Figure 6.6: 1.92 × 10-6 mol/L) were observed. To quantify this change and detect more 

subtle differences the UV-Visible absorbance of the samples were measured (Figure 

6.7). 
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Importantly, when the aptamer was replaced with random DNA, there was no A660/A524 

ratio trend observed with increasing dopamine concentration. Further, when the Apt-

AuNP sensor was evaluated with increasing methionine concentrations no trend in 

A660/A524  ratio was observed. Methionine was chosen as a control since it is a small 

molecule with functional groups similar to dopamine, but is structurally unrelated. The 

Apt-AuNP sensor showed a selective response to dopamine where the A660/A524 ratio 

increased with increasing dopamine. Physically, this suggests that with increasing 

dopamine the amount of AuNPs dispersed in solution decreased and the number of 

aggregated particles increased. There was a linear correlation (R2 = 0.9951) between the 

A660/A524 ratio and dopamine concentration ranging between 1.92 × 10-8 mol/L to 1.92 × 

10-6 mol/L with a corresponding detection limit (LOD = 3σ) of 9.98 × 10-9 mol/L. These 

parameters are a marked improvement over the DNA homolog DBA-AuNP sensor 

described previously. The detection range of the Apt-AuNP sensor is bigger than the 

DNA homolog DBA-AuNP sensor (0.54 μM - 5.4 μM) and the limit of detection of the 

Apt-AuNP sensor is two orders of magnitude lower than the limit of detection for the 

DNA homolog DBA-AuNP sensor (0.36 μM). In fact, the detection range and LOD  of 

the described Apt-AuNP were comparable to that reported for a variation on the DBA-

AuNP that used fluorescence resonance energy transfer between rhodamine B and 

AuNPs to increase detection range and lower the LOD to 2.6 × 10-8 mol/L to 2.9 × 10-6 

mol/L and 2 × 10-9 mol/L respectively.480 Since the DNA homolog DBA-AuNP sensor 

protocol was easily adapted to produce the Apt-AuNP described herein it stands to reason 

that the detection range and LOD of the Apt-AuNP could be significantly increased by 

incorporating rhodamine B into the sensor design. 
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6.5.4.3 Characterization of the affinity of DopaA20min for dopamine by the Apt-

AuNP assay 

 The data shown in Figure 6.9 was also be used to determine the apparent KD of 

the DopaA20min-dopamine interaction. The fit of the average A660/A524 ratio (n=3) for 

dopamine concentrations ranging between 1.92 × 10-10 mol/L to 1.92 × 10-6 mol/L was 

analyzed using the standard curve analysis (four parameter logistic curve) function of 

SigmaPlot. From the fit, the apparent KD was determined to be 2.8 ± 0.4 × 10-7 mol/L. 

This is slightly higher (lower affinity) than was determined by fluorescence anisotropy. 

The difference could be due to the method (fluorescence versus absorbance) or to the fact 

that measuring the apparent KD by the Apt-AuNP assay provides an indirect indication of 

affinity (the measurable change is due to the aggregation of the AuNPs) as compared to 

the direct approach of fluorescence anisotropy where the observed change is directly due 

to the aptamer-target binding interaction. 

6.5.4.4 The selectivity of DopaA20min was determined by Apt-AuNP assay 

 The Apt-AuNP assay was used to screen the DopaA20min aptamer for selectivity 

against similar neurotransmitters and common interferents. To assess the selectivity of 

the DopaA20min aptamer, the A660/A524  ratio at a single concentration (1.92 μM) was 

measured for each target (Figure 6.10 A). Visually, binding (as evident by a colour 

change from red to blue) was observed for dopamine and norepinephrine (Figure 6.10 

B). This was confirmed by the increased A660/A524  ratio compared to the “No Target” 

blank (Figure 6.10 A). Additionally, some affinity to both tyramine and serotonin was 

observed, however no affinity for ascorbic acid was seen. 
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serotonin was detected by the DBA in an electrochemical study where the DBA was 

functionalized to a glassy carbon electrode.479 

 The affinity of DopaA20 min for NE, Tyr and ST could also be exploited as the 

starting point for selecting specific aptamers for those neurotransmitters. Currently, 

aptamers have been specifically selected for NE (commercially by Base Pair 

Technologies) and Tyr with dissociation constants in the high nanomolar to mid-

micromolar range.512 Aptamers have not been selected for serotonin. To yield aptamers 

with higher affinities for NE and Tyr or to select aptamers that are specific for ST, the 

DopaA20min could be partially mutated to develop a new selection pool.513 Selections 

using this mutagenized pool should yield higher affinity aptamers and the judicious 

inclusion of counter selections against competing neurotransmitters could produce highly 

selective aptamers. In the same way, aptamers with better selectivity for dopamine could 

be selected as well. 

 Since the DopaA20min aptamer exhibited the greatest secondary affinity for NE, 

the response of the Apt-AuNP sensor to increasing NE concentrations was evaluated 

(Figure 6.11 A) 
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concentrations after a 10 min incubation period. Even after an increased incubation 

period, the Apt-AuNP response to NE is decreased compared to dopamine at equal 

concentrations. Taken together these data suggest that the DopaA20min aptamer has a 

lower affinity for NE compared to dopamine. Therefore the second objective of the novel 

selection was satisfied: the DopaA20min is relatively more selective against 

norepinephrine than the DNA homolog DBA. Based on the degree of aggregation 

observed in the specificity testing, the affinities for tyramine and serotonin are likely 

substantially lower. Furthermore, the aptamer seems to exhibit different binding kinetics 

for dopamine compared to NE. The binding on-rate is likely much faster for dopamine 

than for NE. These are parameters that could be exploited to optimize the selectivity of 

the Apt-AuNP sensor. For example, the Apt-AuNP sensor could be made more selective 

by decreasing the aptamer-target incubation time. Given the increased affinity of the 

aptamer for dopamine and the preliminary indication of faster binding kinetics, this 

would allow for the selective, reliable detection of dopamine. In fact, Yang et al., (2011) 

optimized their testing parameters such that ochratoxin A was detected by an Apt-AuNP 

sensor within 5 minutes.516  In future work, these parameters should be considered in the 

design of other DopaA20min-based sensors to optimize selectivity and sensor response 

time. 

6.5.4.5 Detection of dopamine in artificial cerebral spinal fluid 

 The Apt-AuNP response to increasing dopamine in artificial cerebral spinal fluid 

(ACSF) was evaluated. ASCF was chosen to mimic biologically relevant conditions. To 

test the response of the Apt-AuNP sensor to increasing dopamine concentrations in 
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DopaA20min can be used to detect DNA in this biological matrix is an important first 

step. Further optimization of the experimental parameters such as DNA concentration, 

salt concentration and incubation time may improve the Apt-AuNP response to dopamine 

in ACSF. Additionally, modifications of the method for example adding rhodamine B to 

the assay may increase the sensitivity significantly.  

Typically methods such as microdialysis, HPLC and electrochemistry are used to 

detect small molecule neurotransmitters and their metabolites in CSF.517–519 The 

concentration of dopamine in the CSF of healthy controls ranges from the 10s of 

picomolar to low nanomolar.520 In individuals with Parkinson’s disease, multiple systems 

atrophy, pure autonomic failure and other synucleinopathies the levels of dopamine in the 

CSF  can be even lower.520 This makes dopamine hard to detect in CSF as it is predicted 

to exist in levels that are often times below the limit of detection of the technique used.520 

An Apt-AuNP based sensor that could detect dopamine in CSF at these levels could 

provide a relatively simple, cost effective alternative to traditional methods. Moreover, 

elevated levels of dopamine in CSF compared to healthy controls have been reported in 

early stage/asymptomatic HIV-infected individuals (low nanomolar to low micromolar), 

Menkes disease (nanomolar with similarly elevated NE), depression (mid nanomolar), 

and schizophrenia treated with neuroleptics (nanomolar).521–524 Finally, the ability to 

detect dopamine in CSF could be generally useful in understanding the pathological 

mechanisms of monoamine neurotransmitter disorders. These disorders, characterized by 

abnormalities in the biosynthesis, degradation and transport of dopamine, norepinephrine, 

epinephrine and serotonin effect individuals from the infant to the elderly population.  
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6.5.5 Investigation of DopaA20min in a model of cocaine induced hyperlocomotion 

 The efficacy of peripherally delivered DopaA20min in reducing cocaine-induced 

hyperlocomotion was examined in an in vivo animal model. DopaA20min was delivered 

to the brain of mice via encapsulation in a TRAM vehicle (described in Chapter 5). 

Briefly, the DopaA20min aptamer (abbreviated as DA20m for this work) was 

encapsulated into transferrin receptor aptamer-modified liposomes (TRAM). The 

DA20m-TRAM were delivered peripherally by IP injection. Delivery of the DA20m 

aptamer to the brain was facilitated by the specific binding interaction of the transferrin 

receptor aptamer (TRA) to the transferrin receptor. This interaction triggered receptor 

mediated endocytosis, the mechanism by which the DA20m-TRAM was taken across the 

BBB. In this experiment, mice (n=40) were assigned to one of the following groups; Sub-

TRAM + 10 mg/mL cocaine (n=7), DA20m-TRAM + 10 mg/mL cocaine (n=8), DAL-

TRAM + 10 mg/mL cocaine (n=8), DA20m-TRAM + saline (n=9) and DAL-TRAM + 

saline (n=8). Mice received an i.p. injection (0.1 mL) of the pretreatment (Sub-TRAM, 

DA20m-TRAM or DAL-TRAM) and then 5 min later were given an i.p. injection (0.1 

mL) or either 10 mg/mL cocaine or saline. Animals were placed in the locomotor testing 

apparatus 5 min after receiving their second injection. The horizontal activity of each 

animal was recorded in 5 min bin over an entire 30 min session. The mean + SEM 

cumulative locomotor activity for each treatment group are shown in Figure 6.13. 
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Figure 6.13: Cumulative horizontal locomotor activity of DA20m-TRAM compared 
to controls over an entire 30 min session. One-way ANOVA analysis revealed a 
significant effect of group (F(4,34) = 20.12, p<0.001). Significant differences between 
treatment conditions were revealed by Post-hoc analysis by Fisher’s LSD. 
Significance is indicated by (*p<0.05). Group sizes were as follows; Sub-TRAM + 10 
mg/mL cocaine (n=7), DA20m-TRAM + 10 mg/mL cocaine (n=8), DAL-TRAM + 10 
mg/mL cocaine (n=8), DA20m-TRAM + saline (n=9) and DAL-TRAM + saline 
(n=8). Error bars represent “mean + SEM”. 

Analyses by One-way ANOVA revealed a significant effect of group (F(4,34) = 20.12, 

p<0.001; Figure 6.13) on the cumulative locomotor activity over the entire 30 min 

session. Post-hoc analyses by Fisher’s LSD revealed significant differences between 
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treatment groups. The cumulative locomotor activity of both the DA20m-TRAM + 10 

mg/mL cocaine treated group and the DAL-TRAM + 10 mg/mL cocaine treated group 

were significantly lower than the Sub-TRAM + 10 mg/mL cocaine treated control group 

(p=0.009 and p<0.001 respectively). Further, the difference between the DA20m-TRAM 

+ 10 mg/mL cocaine and the DAL-TRAM + 10 mg/mL cocaine treated groups was not 

significant (p=0.054). Consistent with the DAL-TRAM data presented in Chapter 5, the 

cumulative locomotor activity of DA20m-TRAM + 10 mg/mL cocaine treated animals 

was still significantly higher than DA20m-TRAM + saline treated controls (p<0.001). 

Importantly, there was no difference between DA20m-TRAM + saline and DAL-TRAM 

+ saline treated control groups. These data can be interpreted to suggest that the 

DopaA20min aptamer is at least as effective in reducing cocaine-induced 

hyperlocomotion as the DNA homolog dopamine binding aptamer evaluated in Chapter 

5. Further, treatment with DA20m-TRAM does not have deleterious effects on 

locomotion. Given the difference in affinity of the DopaA20min aptamer compared to 

DNA homolog dopamine binding aptamer for norepinephrine, it may be interesting to use 

this aptamer to investigate the specific effects of DA versus NE in animal models of 

dopamine-related disease.284 More generally, these data support the use of DopaA20min 

in animal models.  

 The mechanism of action by which the DopaA20min aptamer reduces cocaine-

induced hyperlocomotion is the same as that proposed for the DNA-homolog dopamine 

binding aptamer examined in Chapter 5. Typically, behaviours associated with increased 

dopamine are reversed or reduced by treatment with D1/D2 antagonists. These drugs 

indirectly prevent dopamine-related effects by binding to dopamine receptors whereby 
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the dopamine binding aptamers presented herein  prevent the actions of dopamine by 

binding directly to dopamine.397 Therefore in this experiment, the effective reduction in 

dopamine concentration created by dopamine-aptamer binding manifested behaviourally 

as reduced locomotor behaviour. Future work should investigate increasing either the 

dosage of the aptamer or the DA20m-TRAM, or both should be optimized to maximize 

the reduction in hyperlocomotion observed. Further, the targeting component of the 

delivery vehicle (TRAM) could be replaced by a better aptamer to increase delivery.240  

  

317 

 



6.6 Conclusion 

 This chapter described the selection, characterization and use of a dopamine-

binding aptamer, DopaA20min. The aptamer showed preferential affinity for dopamine 

over similar neurotransmitters (norepinephrine, tyramine and serotonin) and had an 

apparent dissociation constant of 1.1 ± 0.8 × 10-7 mol/L. An aptamer-gold nanoparticle 

based sensor (Apt-AuNP) was developed that was able to detect dopamine within the 

linear detection range of 1.92 × 10-8 mol/L to 1.92 × 10-6 mol/L and had a detection limit 

(LOD = 3σ) of 9.98 × 10-9 mol/L. Finally, the effect of peripherally delivered 

DopaA20min on cocaine-induced hyperlocomotion was examined. Animals treated with 

DopaA20min showed significantly reduced locomotor activity compared to animals 

treated with a non-dopamine binding oligonucleotide control. The work presented here 

demonstrates the varied potential applications of DopaA20min. Future work should focus 

on the use of DopaA20min in other sensor designs to fully optimize the specificity, 

working range and detection capabilities of the aptamer. Additionally, future work should 

investigate the effect of peripherally delivered DopaA20min in other dopamine-related 

maladies and behaviours.
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7 Future directions and contributions to knowledge 
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7.1 The use of aptamers for nervous system related applications 

The nervous system (central and peripheral) remains an important biological and 

medical arena in which the potential of aptamers has not yet been fully investigated. The 

research presented herein supports the promising trajectory of aptamer research for 

central nervous system (CNS) related targets. Since aptamers were first described in the 

1990s, their effectiveness as molecular recognition probes has been widely demonstrated 

for medical, biological and environmental applications. An approach that should be 

considered for extending the use of aptamers for applications in the nervous system is 

optimizing selection experiments. By rationally designing the selection experiment to 

optimize aptamer-target binding for the intended application, further aptamer technology 

will be significantly improved. The analysis of data from the Aptamer Base (Chapter 2) 

may provide researchers the information required to optimize their selection experiments. 

 One of the greatest advantages of aptamers is their ease of synthesis and chemical 

modification. This allows aptamers to be simply incorporated into existing technology to 

add an additional element of recognition and specificity. An example of this approach is 

the development of an aptamer-based nanomachine (pHAST) for the catch-and-release of 

a target protein presented in Chapter 3. This example illustrates the potential of how 

existing diagnostic and therapeutic technologies used to study nervous system related 

maladies could be improved by a simple aptamer modification. Another excellent 

example of where aptamers could be used to improve existing technology are the 

multiple imaging strategies currently used to evaluate dementia.525 Several of these 

approaches could be easily modified to include aptamer technology, for example by 
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adding specificity and functionality to nanoprobes and nanoparticles used for imaging 

and treating gliomas.526 Additionally, aptamers could be used to increase the 

effectiveness of current photodynamic therapy approaches.231 In both instances aptamers 

could improve the selectivity of the technology and decrease off-target effects. 

An important CNS-related target subset that should be further explored in 

selection experiments are small molecules. The work described in Chapter 4, Chapter 5 

and Chapter 6 describes the characterization and use of dopamine binding aptamers to 

reverse and decrease specific behavioural disturbances associated with dopamine over-

activity. Importantly, aptamers offer an alternative direct approach to modulating 

neurotransmitter function; where as traditionally receptors were targeted to indirectly 

modulate function, aptamers allow for the direct targeting of neurotransmitters. The work 

presented in Chapter 4, Chapter 5 and Chapter 6 shows how a small molecule 

neurotransmitter-binding aptamer can modulate behaviour, but aptamers could also be 

used to achieve a better understanding of neurotransmitter function. Another important 

application of newly selected aptamers would be their incorporation into existing and 

novel sensing platforms for the detection of their target molecule. An example of this was 

described in Chapter 6 where an aptamer-gold nanoparticle based sensor for the detection 

of dopamine was described. Other small molecule neurotransmitters that should be 

studied include glutamate, serotonin and GABA due to their roles in neurodegenerative 

diseases, neuropsychiatric diseases, and anxiety and affective disorders.527–529 Along with 

interesting small molecule targets, several protein targets of interest related to AD, ALS, 

HD and PD have also been described.530 Specifically new aptamer selections should 

focus on the targets Tau, superoxide dismutase 1, and Huntingtin as well as TDP-43 for 
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their role in AD, ALS, and HD respectively. The aforementioned misfolded proteins 

exhibit a propensity to form toxic aggregates. The selection of aptamers for these targets 

could identify diagnostic and therapeutic agents capable of preventing aggregation or 

degrading existing aggregates. Finally, optimized selection methods could also be used to 

simultaneously select aptamers and identify novel biomarkers for nervous system related 

targets.531 

If current challenges of CNS related aptamer work, such as specific delivery of 

aptamers across the blood-brain and blood-cerebrospinal fluid barriers, can be overcome, 

the application of aptamer technology will be limited only to the availability of aptamers 

for a specific target. Along with the work presented in Chapter 5, several strategies have 

been investigated to transverse or circumvent the BBB.526 Further investigation should 

examine the ability of novel vehicles as well as novel incorporation of aptamers into 

existing vehicles for their ability to cross the BBB. Additionally, aptamer-based chimeric 

conjugate systems may prove to be an efficient delivery approach.  

The work described in the chapters of this thesis has contributed to the foundation 

necessary for the improvement of noninvasive diagnostics, therapeutics, targeted drug 

delivery and imaging modalities. In summary, aptamer-based technologies present novel 

therapeutic and unique diagnostic value to basic and applied medical research for 

applications in nervous system related maladies. 
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9 Appendix 2.1: Additional information for Chapter 3 “A 
comprehensive analysis of SELEX and aptamer data from 
the Aptamer Base” 
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9.1 SELEX Methods used to select aptamers 

 

Table 9.1: SELEX methods used to select aptamers 

Selex Method Description Reference 

FluMag-SELEX Aptamers are selected from a 
library modified with fluorescein 
instead of radiolabels. In addition, 
the target is immobilized on 
magnetic beads as opposed to 
agarose. 

315,532 

Microfluidic SELEX Aptamers are selected on a 
miniature, automated SELEX 
platform based on microfluidic 
technologies 

533–535 

Generic SELEX Aptamers selection experiments 
that do not fit into another defined 
category because neither 
specialized equipment or 
significantly adapted methods were 
used compared to the original 
selection experiments 

34–36,288 

Cell-SELEX Methods were adapted specifically 
for the selection of aptamers that 
have affinity for whole cells. 

210,271,536 

CE-SELEX (capillary 
electrophoresis 
SELEX) 

In this method, partitioning of 
bound and non-specific binding 
oligonucleotides is performed using 
capillary electrophoresis. 

 
84,537–539 

Non-SELEX Aptamers are selected after 
multiple steps of partitioning but 
without amplification 

265,266,540 

Automated SELEX Aptamers are selected within an 
automated system, decreasing 
labour and processing time. 

541–544 

EMSA-SELEX During the partitioning stage, 545,546 

350 

 



binding sequences are separated 
from non-binding sequences by 
EMSA. 

Not Described For these experiments the authors 
did not describe the selection 
method used 

 

 

9.2 Partitioning methods used in SELEX experiments 

 

Table 9.2: Partitioning methods used in SELEX experiments 

Partitioning method description 

Centrifugation binding sequences are separated by non-binders by 
isolating the aptamer-target complex using centrifugation 

Affinity 
chromatography 

Binding sequences are separated from non-binders by 
column chromatography or other form of solid support 
matrix 

Filtration Binders are separated from binding sequences by either 
size exclusion or target based retention to the filter (for 
example nitrocellulose) 

Not Described Partitioning details were not described in the 
experimental details provided by the authors 

Gel electrophoresis Binding sequences are separated from non-binding 
sequences by differential gel migration 

Cell washing Non-binding sequences are washed away from adherent 
cells while binding sequences remain and are isolated for 
the next round of selection 

Affinity 
chromatography 
(magnetic beads) 

A specific type of affinity chromatography where 
magnetic beads are used as the solid support matrix. The 
target is immobilized on the bead surface and binding 
sequences are partitioned by physical separation when the 
magnetic beads are drawn to a magnet and the non-
binding sequences remain in the supernatant. 

Not Required This was selected with a SELEX method did not require 
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a partitioning step. 

Capillary 
electrophoresis 

Binding sequences are separated from non-binding 
sequences based on electrokinetic separation 

 

 

 

9.3 Recovery methods used in SELEX experiments 

 

Table 9.3: Recovery methods used in SELEX experiments 

Recovery method description 

Urea The aptamer-target complex is separated by the specific 
chaotropic agent urea 

Filtration The aptamer-target complex is separated by multiple 
filtration steps or differential affinity of the binding 
sequences and target to the filter 

Chaotropic agent Separation of the aptamer-target complex is induced by 
disruption of hydrogen bonding between the binding 
sequences and the target 

Heat The aptamer-target complex is separated by physical 
denaturation at high temperatures 

Competitive elution The aptamer-target complex is disrupted when the 
binding sequences competitively interact with another 
target 

Not required The recovery step was not necessary in these SELEX 
experiments 

Organic extraction An organic solvent is used to separate the aptamer-target 
complex. For example, phenol chloroform is used to 
separate protein from DNA as the protein is extracted 
from the aqueous phase into the organic layer. 

Elution with target When the aptamer-target complex is immobilized on a 
column (such as with affinity chromatography), a higher 
concentration of the target free in solution is used to 
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remove binding sequences from the target immobilized to 
the column. 

Change in pH Hydrogen bonding between binding sequences and the 
target is disrupted by changes in pH. Commonly 
NaOH(Aq) is used. 

Precipitation The aptamer-target complex is separated by ethanol 
precipitation in which the DNA is precipitated out. 

Change in ionic 
strength 

Cations are often required to stabilize the aptamer 
secondary structure and the aptamer-target complex 
tertiary structure. When the cations are removed, 
separation of the binding DNA from the target occurs. 

Not Described Recovery method details were not provided by the 
authors. 

 

9.4 Affinity methods used to determine the dissociation constant of selected 

aptamers 

 

Table 9.4: Affinity methods used to determine the dissociation constant of selected 
aptamers 

Affinity Method Description Reference 

Affinity 
chromatography 

In this method, either the target or the 
aptamer is immobilized to a solid support 
matrix. Then either the aptamer or target 
respectively is incubated with the solid 
support matrix. The matrix is then separated 
from the mobile phase and the amount of 
free target or aptamer is measured to 
determine affinity. Immobilization of either 
the aptamer or target can have an effect on 
affinity. 

547 

Affinity 
electrophoresis 

The tendency of the aptamer, target and 
aptamer-target complex to migrate 
differently in a gel matrix is exploited to 
determine the affinity. A common example is 

548 
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the EMSA (electrophoretic mobility shift 
assay) 

Capillary 
electrophoresis 

An electric field is applied to separate the 
aptamer, the target and the aptamer-target 
complex. Components are then measured to 
determine affinity.  

549 

Cell binding 
assay 

In a cell binding assay, the amount of 
aptamer that interacts with the cell is 
measured and used to determine affinity. 

550 

Dialysis In this method, the aptamer and target are 
allowed to equilibrate between two 
compartment chambers separated by a semi-
permeable membrane. The distribution of 
either the aptamer or target is monitored and 
the affinity can be determined. Fluorescence 
or absorbance of either the aptamer or target 
are commonly used to measure changes. 

551 

Filter binding 
assay 

In this method, the aptamer-target complex is 
separated from the individual components by 
filtration. Affinity is determined by 
measuring the amount bound of either 
aptamer or target, depending which allows 
for a quantifiable signal. 

552 

Flow cytometry The affinity of aptamers for larger targets 
like cells can be determined by binding 
dependent fluorescent labelling of the 
aptamer-target complex and determining the 
amount bound by fluorescence detection 

271 

Fluorescence 
intensity 

In this method, either the aptamer or target 
needs to be intrinsically fluorescent, either 
the aptamer or target needs to be 
fluorescently labeled, or a fluorescent dye 
(such as SyBr Green I) is used. Upon 
aptamer-target binding, fluorescence 
intensity is either increased or quenched.   

553 

Fluorescence 
polarization 

In this method, affinity is determined by a 
change in polarization of the aptamer-target 
complex compared to either the aptamer or 

276,551 

354 

 



target alone. Either the aptamer or target 
need to be intrinsically fluorescent or 
fluorescently labelled. Since the change in 
polarization is related to a change in size of 
the aptamer-target complex this method is 
more effective with larger targets. 

Immunoaffinity 
assay 

In these assays, both an aptamer and 
antibody or antibodies are used together to 
determine the affinity of the aptamer, for 
example in a competitive assay. 

554 

Isothermal 
titration 
calorimetry 

This method is based on the exothermic 
properties of the aptamer-target complex 
formation. It allows determination of 
stoichiometry and thermodynamic properties 
in addition to affinity. This method is 
particularly useful for aptamers that 
experience a substantial conformational 
change upon target binding. 

555 

Kinetic capillary 
electrophoresis 

Similar to capillary electrophoresis except 
that the equilibrium distribution of the 
mixture can be measured and used to 
determine aptamer affinity. 

556,557 

Not described Details about the affinity method used to 
characterize aptamer-target binding was not 
described by the authors 

 

Surface plasmon 
resonance 

In this method, either the aptamer or the 
target is immobilized to the surface of a chip. 
The affinity is determined by flowing the 
target or aptamer respectively over the chip. 
Binding is characterized by a difference in 
the measured refractive index. This method 
is mass dependent, therefore better results 
are achieved with larger targets.  

316 

UV-Visible 
Spectroscopy 

In this method, a change in either the 
absorption intensity or absorption 
wavelength of either the aptamer or target 
upon binding is observed.  

418,508 
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9.5 The Freebase Aptamer Base User Guide 

Jose Cruz-Toledo 
Maureen McKeague 

Matthew Chan 
Michel Dumontier 

9.5.1 Background 

The advent of modern molecular biology has fueled an exponential increase in the amount of data 
available: protein interaction experiments, in vitro selected aptamers, microarrays, DNA and 
protein sequencing and the solving of numerous protein structures are just some of the types of 
high‐throughput data now available online. However, the vast majority of this information is still 
only available in the textual unstructured format of web pages or peer reviewed articles, which 
only contain rendering instructions for computers to display and thus for humans to consume. 
Moreover, there is an increasing necessity to enable researchers to seamlessly combine the 
immense amount of data generated from different experimental techniques so as to enable the 
generation of biologically meaningful assertions regarding the contents of the data. If we consider 
the data generated by sequencing projects alone, where scientists wish to integrate the 
information about the predicted or experimentally proven genes from different sequencing 
projects, they are sure to find numerous obstacles in this particular task. The complications arise 
when scientists try to incorporate annotations of the functional roles of genes, or quality 
information, such as the evidence on which the annotations are based from different sources. 
Most sequence annotations currently do not meet any stringent classification criteria that would 
facilitate this sort of task and therefore, make such a task daunting and practically impossible for 
scientists that are not familiarized with information management. 
 
Freebase (available at: http://www.freebase.com) is a free openly licensed community built 
database that contains structured information on millions of topics in hundreds of categories and 
enables anyone to contribute, create and share information with others. Freebase provides an 
interface that allows non‐programmers to fill in structured data about any piece of general 
information, and to categorize and connect data items in a meaningful and semantically coherent 
manner. Freebase shares with Wikipedia the principle that a community of sufficiently curious 
individuals will not only create good quality data but also constantly maintain and curate the 
millions of resources created by others. However the technological backend of Freebase is very 
different from any other open shared database. Freebase runs on a database infrastructure that 
utilizes a non‐hierarchical graph model to store its data. Unlike conventional relational databases 
where data is stored in tables, Freebase defines its data structure as a set of nodes and links that 
establish relationships between the nodes. A major benefit of having this type of non‐hierarchical 
data structure is that in Freebase one can model very complex relationships between individual 
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elements that would be otherwise impossible to do in relational database systems such as 
MediaWiki1, the one that runs Wikipedia. One of the main consequences of Freebase’s use of a 
different underlying structure is that entries added to this dataset function as dynamic information 
hubs which can be easily extensible by users, rather than static isolated information silos as found 
in other databases.  
 
The structured information stored in Freebase enables the maintenance of a high level of 
consistency between all entries that are added to its database, thus making it possible for users to 
mine information from Freebase and re‐use for the creation of other applications. Freebase allows 
users to perform conventional keyword based searches but the novel data modeling strategies 
used in Freebase enable users to pose complex questions along the lines of: “What are all the 
names of the spouses of the children of all U.S. republican presidents?”, “What are the 
dissociation constants for all RNA aptamers that bind to cyclic AMP?” or “What are all the 
PubMed identifiers for peptide aptamers that are reported in Freebase?”. The developers of 
Freebase have also made their data easily accessible for other data providers/creators, therefore 
information about certain topics can be extracted and incorporated into other related data sources 
in a rather simple manner.   
 
Here we present a user guide for the Freebase Aptamer Base (available at: 
http://aptamer.freebase.com) which has been tailored to contain user contributed annotations from 
scientific literature about RNA, DNA or peptide aptamer SELEX experiments. The structured 
data contained in the Aptamer Base includes a variety of information that not only has a very 
wide span but also leverages other pre‐existing topics in Freebase for the annotation of Aptamers.   
 
This guide has been created to supplement the existing Freebase Documentation (found here:   
http://www.freebase.com/help/faq) in aiding users in the addition of content for the Aptamer Base 
as extracted directly from scientific literature, through a practical demonstration.    
 
We will commence this tutorial by exploring some of the basics of Freebase. First let’s get 
familiarized with some jargon used by Freebase. Freebase is essentially composed of four basic 
elements: Bases, Topics, Types and Properties. Bases are a collection of related assertions created 
by users. For example, the Chemistry commons (or Base) holds over 14,000 community 
contributed facts (Topics + Types) about chemistry related entities. Topics are used to represent 
real world things in Freebase (i.e. the Eiffel Tower, Theodore Roosevelt or The Simpson's 
episode seventeen from season two entitled “Old Money”). The modeling scheme used by 
Freebase allows Topics to hold any number of Types, therefore the Theodore Roosevelt topic has 
as type: Person, US President, Nobel Prize Winner, Family Member, etc. Finally, Properties are 
values that relate to a particular Type. For example, the Water Topic belongs to the Chemistry 
Base, has as Type Chemical Compound and has as Property an average molar mass of 18.0153 
g/mol. 

1http://mediawiki.org 
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The Aptamer Base’s primary objective is to enable the accurate annotation of the results of 
interaction experiments that describe the creation of aptamers as directly extracted from scientific 
literature. The data model used by the Aptamer Base is composed at its core, by a generic type 
relation map as illustrated in Figure 1. 
 

 

Figure 1: Basic type relation map used by the Aptamer Base. The Interaction Experiment 
type relates to the Interaction type through a “has outcome”  relation that is associated with 
the Experiment type. Each Interaction type has at least two interactors (Aptamer and Aptamer 
Target respectively) as participants. The Affinity Experiment type, also makes use of the “has 
outcome” relation to link to the dissociation constant and either “confirms” or “disputes” an 
interaction. Full resolution image found here. 

 
We created the Interaction Experiment type so as to represent the results and details of 
experimental procedures that elucidate biomolecular interactions. Our Interaction Experiment 
type has been modelled so that it may report one or more Interactions (Figure 1). An Interaction 
is a biochemical process in which some set of attractive forces act between at least two 
Interactors e.g: a biomolecule (Aptamer) and a ligand (Aptamer Target) therefore, each 
Interaction can be uniquely characterized by: the number of members that compose it, the 
Interaction Experiment that elucidated the Interaction and the Affinity Experiment(s) that confirm 
or dispute it. When an Interaction has only two participants it should be further typed as a 
Pairwise Interaction (Figure 2). Similarly, if the interaction has more than two members it should 
be typed as a Collective Interaction. 
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An Affinity Experiment makes reference to the experimental process that confirms or disputes an 
Interaction. If a given Affinity Experiment confirms an Interaction, then a Dissociation Constant 
must be reported as an outcome of the latter (Figure 2). Consequently, in our modelling scheme 
Dissociation Constants are related to an Interaction through an Affinity Experiment that confirms 
it.  
 
Freebase’s modeling nature will regard any two Topic entries with the same name as being the 
same. Therefore we will need to make sure that any entries that we incorporate into the Aptamer 
Base follow a systematic naming scheme, such that users can easily identify the source and main 
characteristics of the topics incorporated into the Aptamer Base from both the name and Types 
that the incorporated Topics hold. Our proposed topic naming scheme is illustrated in Figure 2. 
 

 

Figure 2: Illustration of topic naming scheme used by the Aptamer Base. Words in bold 
represent non variable sections of the name. Dark blue rectangles show topics with their 
proposed naming scheme. Light blue ellipses depict the corresponding types. Full resolution 
image available here.  

 
Our naming scheme will require the following pieces of information about the experiment, 
aptamer and aptamer target to accurately describe topic names: 
 

Document Identifier:  
Currently most of the scientific literature that refers to aptamer experiments can be found 
through Pubmed, a free database of citations, abstracts and some full text articles on life 
sciences and biomedical topics indexed by MEDLINE. Entries in Pubmed are identified 
through a unique number (i.e. 20693539). However, if it were the case that the reported 
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aptamer experiment cannot be found in Pubmed, we suggest the usage of the document’s 
Digital Object Identifier (i.e. 10.1093/nar/gkq615). 
 
Aptamer Molecule Type: 
This refers to the biological nature of the aptamer that you wish to represent namely: 
RNA, DNA or Peptide.  
 
Target Name: 
This string describes the common name of the chemical compound that was found to be 
the aptamer target or ligand. For example: AMP, Cocaine, GMP, etc. 

 

9.5.2 Modeling of Minimal Aptamers 

In order to accurately model a minimal aptamer we will consider minimal aptamers as being part 
of a separate Interaction that is reported by the Interaction Experiment. Consider for example 
Figure 3. 
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Figure 3: Abridged schematic representation of a minimal aptamer in the Aptamer Base. An 
Aptamer is typed as a Minimal Aptamer which uses the “is minimal aptamer of” relation to link 
the minimal aptamer back to its parent aptamer. Full resolution image available here.  

 
A minimal aptamer is an aptamer that is derived from another aptamer. Given that minimal 
aptamers usually have different dissociation constant values, we create a new Interaction topic to 
describe a minimal aptamer. A minimal aptamer is typed as being both an Aptamer and a Minimal 
Aptamer, by doing so the minimal aptamer topic that you will create will get the properties from 
the Aptamer type and the additional property from the Minimal Aptamer type that links to the 
aptamer from which it derived, through the use of the “is minimal aptamer of” property. 
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9.5.3 Extracting Information from scientific literature  

In this section we will proceed to exemplify how to create a set of topics that will accurately 
describe a particular SELEX experiment as described by a journal article. Before commencing the 
addition of data please make sure that you have created a user in Freebase. To do so simply visit 
https://www.freebase.com/signin/register and follow the instructions found therein. You can join 
the Aptamer Base by clicking on the “Join Base” button found here.  
 
Go to the Aptamer Base and sign‐in with your Freebase username and password and also have a 
copy of Koizumi, M. and R.R. Breaker: “Molecular Recognition of cAMP by an RNA Aptamer”. 
Biochemistry, 2000. 39(30): 8983‐92. (http://www.ncbi.nlm.nih.gov/pubmed/10913311) 
 
Koizumi and Breaker describe the extraction of two classes (or collections) of RNA aptamers that 
bind to the second messenger adenosine 3’,5’‐cyclic monophosphate (cAMP) from a random 
sequence pool using in vitro selection. In this article the authors report on two classes of aptamers 
formed by 33 and 31 nucleotides respectively, the aptamers found displayed a dissociation 
constant for (Kd) cAMP of ~10 μM. The information that we will be extracting from this paper 
will follow the modeling scheme used in the Aptamer Base (Figure 4).  
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Figure 4: Schematic representation of the modeling scheme used in the Aptamer Base. Four 
RNA aptamers that bind to cAMP with a dissociation constant of 1.0 nM. Note that not all 
Interactors were fully typed in the figure so as to save space. Full resolution image available 
here. 

 
 
In order facilitate the realization of the data model used by the Aptamer Base we recommend the 
following approach: 
 
Step I: Gather necessary information for assigning names 
We notice that Koizumi and Breaker describe in Pubmed:10913311 a total of four aptamers that 
bind to cAMP with a particular dissociation constant (Kd) of 1E-6; in other words, the authors 
performed an Interaction Experiment that produced as an outcome an Interaction involving four 
RNA aptamers and 1 aptamer target. Additionally the authors performed an Affinity Experiment 
that elucidated a Dissociation Constant between these interactors. Consequently we have the 
three key bits of information that are required to follow our naming scheme (Figure 2): 

 
Document Identifier:  10913311 
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Aptamer Molecule Type: RNA 
Target Name:   cAMP 
 

Step II: Create a SELEX Experiment Topic 
We note that Koizumi and Breaker utilize the SELEX method for the creation of the described 
aptamers, therefore we need to create a topic of type SELEX Experiment, which will 
automatically include the Experiment and Interaction Experiment types. To create a new SELEX 
Experiment topic, we can start by searching for the SELEX Experiment Type in Freebase (be sure 
to select the “SELEX Experiment” Type described in the Aptamer Base from the drop down 
menu) or by simply clicking here. You will be presented with a list of all topics that have SELEX 
Experiment as type. To add a new topic simply click on the Add it! Link at the bottom of the list, 
you will be presented with a form as the one shown in Figure 6. 
 

 

Figure 6: Screenshot of the Aptamer Base’s form used to create a new SELEX Experiment 
Topic. Full resolution image available here. 

 
Fill out the required information about the SELEX Experiment topic that is described in this 
article. Namely, 10913311-RNA-cAMP-Experiment for the topic name, Genomic SELEX for the 
SELEX method and we fill out the template sequence. When we start filling out the form 
depicted in Figure 6 we will notice that Freebase first does a search on its entire database to make 
sure that the topic that you are creating does not already exist. This unique feature allows the 
community to further extend pre‐existing entries by incorporating information that the original 
author of the topic missed or never thought to add. Once finished we click on the Add button. 
 
Step III: Incorporate details about the SELEX Experiment 
Once the topic has been added you can click on its name to see the topic’s details. Now click on 
the “Edit this topic” button to further annotate this entry. At creation time (Step II) we had 
already filled out the SELEX method and template sequence properties. Now we can proceed to 
incorporate additional details.  
 
The “template sequence” property is to be filled with the primer sequences written in the 5’->3’ 
direction and including the length of the variable aptamer region. In our example the template 
sequence was: “GGAAGAGAUGGCGAC-N50-CGGUAAGCUUGGCAC”. Notice that the 
variable region was specified using the letter “N” immediately followed by the length i.e. 50, 
surrounded by dashes.  
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The “template variable region length summation” is a property that refers to the summation of the 
variable length region described by template sequences. In this case there is only one variable 
region of length 50 in our sequence, therefore we use 50 as the value of this property. We can 
also proceed to incorporate details about the experiment type, namely its Pubmed identifier: 
10913311. (Note that if the PubMed Id is provided for the experiment type then there is no need 
to fill the Bibliographic Reference property.)  
 
The “number of selection rounds needed” refers to the maximum number of rounds used to 
obtain the selected aptamers.  For example, if 15 selection rounds were completed, but all the 
aptamers were cloned and sequences after round 13, then only 13 rounds were needed. If 8 rounds 
were completed, some aptamers were cloned from round 4 and some from round 8, then a total of 
8 rounds were needed. 
  
 
 
Finally can fill the “has outcome” property by following our naming convention Figure 5, namely 
10913311-cAMP-Interaction-1.   
 
Step IV: Add details about the Selection Solution 
From the previous step use the “has selection solution” property to create a new topic of type 
“Selection Solution” (remember to add “Selection Solution as a type) to describe the details about 
the solution used in the SELEX experiment to do the selection of potential aptamer sequences 
between each amplification round. Use the following naming scheme to name Selection 
Solutions: 
 

 Document Identifier-Aptamer Molecule Type-Target Name-Experiment-Ss 
 10913311-RNA-cAMP-Experiment-Ss 

 
The “ionic strength” property refers to the concentration of any metal cations used throughout the 
experiment (in this case typically sodium, magnesium, calcium or potassium). In SELEX 
experiments this value will be taken from the total concentration of each cation used in the 
selection buffer, column buffer, or other buffer used in the selection experiment.  The total ion 
concentration (ionic strength) will affect important properties of the solution and the aptamer 
interaction.  For this particular property we recommend using the following pattern: 
 

VALUE - M - CATION NAME -> 0.5-M-Na 
 
Finally fill in the “pH” property for this Solution Selection topic 
 
Step V: Add details about the reported Interaction(s) 
Now click on the Interaction topic that we had just created in Step III or click here. To 
incorporate more details. From the article written by Koizumi and Breaker we note that they 
describe only one interaction between 4 RNA aptamers and cAMP as the aptamer target, 
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therefore we can immediately add the Collective Interaction to this topic by clicking on the “Add 
a type” link. Conversely, if it were the case that a reported interaction would have only two 
participants then we would type it as a Pairwise Interaction. You will notice that when adding 
either the Pairwise Interaction or Collective Interaction types to the experimental outcome you 
will also get the Interaction type incorporated. 
 
Fill in the “has participant” property provided by the Interaction type. Here you will give unique 
names to four aptamers and one aptamer target (Figure 4). 
 
Step VI: Add details about each of the Interactors 
We can now proceed to add more details about each of the Interactors (i.e.: 10913311-cAMP-1, 
10913311-cAMP-2, ..., cAMP) that participate in this paper’s reported Interaction. For each of 
the four aptamers described in this paper, we need incorporate the additional types namely the 
RNA and Aptamer types and fill the corresponding properties. Also note that the aptamer type 
has a “has minimal aptamer” property that should be used if the aptamer had a minimal aptamer 
derived from it by following the naming scheme from figure 3.  
 
Finally we need to add details about the Cyclic AMP interactor. We need to add the Aptamer 
Target and fill the CHEBI identifier property for this entry. 
 
Step VII: Include details about the Affinity Experiment  
Now we need to add details about the affinity experiment that was performed by Koizumi and 
Breaker which elucidated a nanomolar dissociation constant for the reported interaction by 
making use of equilibrium filtration analysis.  
 
To create a new Affinity Experiment topic, we can start by searching for the Affinity Experiment 
type in Freebase (be sure to select the “Affinity Experiment” type described in the Aptamer Base 
from the drop down menu) or by simply clicking here. You will be presented with a list of all 
topics that have Affinity Experiment as type. To add a new topic simply click on the Add it! link at 
the bottom of the list. Remember to make use of the Affinity Experiment naming scheme shown 
in figures 2 and 4 namely, 10913311-RNA-cAMP-AffinityExperiment-1. 
 
You will need to provide details about the Affinity Experiment such as the affinity method used, 
the bibliographic reference (PubMed Id) and also you must provide a link to the interaction that it 
confirms or disputes. This particular Affinity Experiment also produced as an outcome a 
dissociation constant thus, fill the “has outcome” property of the experiment with the 
corresponding naming scheme Figure 2 (i.e. 10913311-RNA-cAMP-AffinityExperiment-1). 
 
To add information further details about the Dissociation Constant click on the created topic or 
click here. You will notice that this topic does not yet have the dissociation constant type added to 
it. We therefore commence by adding Dissociation Constant as the type. The authors report a 
dissociation constant of 1x10-6 , we can use the “value” property to input this information. Note 
that currently there are some known issues with Freebase and very small or very large numbers, 
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which may be rounded to undesirable values. That is why we have incorporated the “temporary 
string value” and “temporary string value range”, which should be used if you experience 
problems with the “value” an “value range properties”. You will finally need to fill in the “is 
dissociation constant of” property with the corresponding interaction, i.e.: 10913311-cAMP-
Interaction-1. 
 
THANK YOU!! 
:) 
 

9.5.4 Glossary 

 

● Freebase 
 
Freebase is a (available at: http://www.freebase.com/) tool which allows searching through 
large datasets. It has the ability to create relationships between data and also to filter through the 
data using those relationships. The user interface for Freebase provides a very simple way to 
create and access data.   
 
● Base 
A base is a collection of topics created by the community.  For example, the Aptamer base 
contains data related to Aptamers and interactions between molecules. Other examples include 
the World War Two Base (http://worldwartwo.freebase.com/) or The Computer Science Base 
(http://computerscience.freebase.com/)  
 
● Aptamer Base 
 
The Aptamer Base is a Base in Freebase that is related specifically to aptamers and molecular 
interactions. Types which have been defined within the Aptamer base include RNA, DNA, 
molecular interactions, and interaction experiments.  
 
● Topic 
 
A topic is a collection of data on Freebase. Topics represent specific objects or events in the real 
world and have properties which are defined by a Type. For example, a Topic could be about a 
calculus book. Its properties would be that it is 500 pages long, and is on the subject of calculus. 
Topics often will have more than one Type associated with them.  
 
● Type 
 
A type is a collection of properties which Topics can follow. Properties specified by a Type have 
a data type, but do not have values. Types are usually less specific than topics. For example, a 
Type could be a book, with properties such as number of pages and subject.   
 
● Property 
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Properties in Freebase define a “has a” relationship between a topic and the value of the property. 
For example,  Calculus book {topic} has 3500 {value} pages {property}.    
 
● Enumeration 
 
A property which has been restricted to accept only from a list of predefined values.  
 
 

9.5.5 References 
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