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SUMMARY  

The inclusion of DNA in materials systems has long evolved past its known 

biological function in cells and has garnered expanding interest as a macromolecular, 

recognition-based tool. To further the understanding of single-stranded DNA sequences 

called aptamers that bind with high affinity and specificity to non-nucleotide targets, this 

dissertation develops tools to identify, quantify, and classify secondary structure elements 

(SSE) and secondary structure families (SSF) that distinguish aptamer candidates from a 

large pool of random sequences. Chapter 1 provides an overview of oligonucleotide 

aptamers, the conventional method of their discovery, non-nucleotide target choices, and 

examples of aptamer-target binding characterization approaches. Chapter 2 investigates the 

effects of various nucleic acid additions during the seed mediated growth of gold nanorods 

(AuNR) on observed ultraviolet-visible (UV-Vis) spectra. Chapter 3 describes a non-

evolutionary selection process we call Competition-Enhanced Ligand Selection 

(CompELS) for identifying DNA aptamers against gold nanorods (AuNR) and undertaking 

primary structure analysis of sequences identified. Chapter 4 develops analytical methods 

for secondary structure analysis of DNA aptamers selected through a non-evolutionary 

approach. Chapter 5 presents a non-evolutionary, two-stage CompELS approach to identify 

DNA aptamers against a protein target lacking antibody options due to important transient 

oxidation events during cell signaling events. Chapter 6 provides concluding comments 

and thoughts on potential further development and application of this work. 
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CHAPTER 1. INTRODUCTION: A LITE RATURE REVIEW OF 

OLIGONUCELOTIDE APTAMERS 

Deoxyribonucleic acids (DNAs) use as recognition-based detection and even as a 

therapeutic agents has only been intensifying since the publication of screening methods 

developed simultaneously and independently in the laboratories of G.F. Joyce, J.W. 

Szostak, and L. Gold almost three decades ago which enabled identification of 

oligonucleotides which could bind with high affinity and specificity to non-nucleotide 

targets. This pioneering work has since enabled the identification of oligonucleotides that 

can recognize targets which include ions, small molecules, proteins, and even whole cells. 

The interest in oligonucleotides persists due to their extremely unique and customizable 

properties that allow facile modification of both physical and chemical properties for 

tailoring of molecular interactions with both biological and synthetic materials systems.  

The following literature review will outline the distinctive properties of DNA and other 

nucleic acids and their evolved form, the aptamer.  The conventional methods for 

identification of aptamers as developed by Szostak and Gold will be discussed along with 

common examples of aptamer targets in literature. Finally, current state-of-the-art 

characterization of aptamer-target binding will be reviewed. 

1.1 Oligonucleotides and Their Properties 

1.1.1 DNA and its Properties 

1.1.1.1 DNA Chemical and Physical Structure and Properties 
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An oligonucleotide is a biomacromolecule or biopolymer chain with repeat units consisting 

of series of nucleotides. For DNA, each repeat unit or nucleotide consists of an alternating 

deoxyribose sugar and a negatively charged phosphate group, which comprise the 

backbone, and a purine or pyrimidine base side group which consist of either adenine (A) 

or guanine (G) for purine bases or cytosine (C) or thymine (T) for pyrimidine bases. Figure 

1.1.1 shows the chemical structure of nucleotides for DNA. The size of each nucleotide is 

~0.6 nm. 

 

Figure 1.1.1. Illustration the chemical structure of nucleotides for DNA.  Modified from 

[1] 

The order in which nucleotides appear in the oligonucleotide, also known as the sequence 

or its primary structure, affects the physio-chemical properties of the oligonucleotide.[2] 
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In a living cellular context, a DNA sequence is the basis for the storage of genetic 

information, and is naturally found forming a helical structure or duplex with another 

oppositely oriented (5' to 3') and complementary DNA sequence. This iconic helical 

structure of DNA is made possible by hydrogen bonding between the bases in which 

specific complementarity between one purine base and a pyrimidine base is present and 

allows for formation of A-T and G-C pairs. These Watson-Crick base pairings are 

illustrated in Figure 1.1.2 in which A forms two hydrogen bonds to T and G forms three 

hydrogen bonds to C. 

 

Figure 1.1.2. Illustration of Waston-Crick base pairing in a DNA helix. Taken from [1] 
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Watson-Crick base pairing are the predominant mode of base pairing in natural DNA; it is 

however, occasional mismatches as well as non-Watson-Crick base pairing such as either 

Hoogsteen or wobble base pairing[3-5] can occur. Other base pairing schemes and 

interaction have been reported for more complex DNA structures, such as triplexes[6, 7] 

and G-quadruplexes,[7, 8] but these only normally occur under very specific or narrow set 

of conditions. Specific base pairing or hybridization in oligonucleotides result in the 

secondary structure in oligonucleotides. While the double-stranded DNA (dsDNA) helix 

is the most familiar secondary structure of DNA, it is also possible for base pairings to 

occur within an individual sequence or in single-stranded DNA (ssDNA) due to self-

complementarity within the sequences. Thus, unlike the common helix which is 

independent of the primary structures of complementary DNA, the self-complementarity 

of ssDNA sequences can lead to many unique secondary structures. While these secondary 

structures are less studied in ssDNA systems, various secondary structure are commonly 

observed in its ribose counterpart known as ribonucleic acid (RNA).  While base pairing 

plays a crucial role in secondary structure formation, additional factors include van der 

Waals and hydrophobic interactions between bases, as well as ˊ-ˊ stacking effects. 

Repulsive electrostatic interactions due to the negatively charged phosphates can inhibit or 

weaken hybridization if not well shielded by ions from salt additions. Other factors that 

can weaken the stability of the secondary structure of oligonucleotides include extreme pH 

conditions (purine bases can be hydrolyzed at low pH[9] and the phosphate backbone can 

be degraded under high pH conditions[10]) and temperature[11].  

Differences in the nature of the single secondary structure of an oligonucleotide can, in 

turn, effect the overall conformation or higher level tertiary structure of the 
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oligonucleotide. Depending on the oligonucleotides involved, the sequence content of 

pairing bases, and solution conditions, distinctive forms of the double helical structure can 

occur as shown in Figure 1.1.3 where the most commonly observed form of the double 

helix is the B-form for Watson-Crick base pairing of DNA. [7]  

 

Figure 1.1.3. Helical conformations of dsDNA in which (a) is right-handed A form (b) is 

right-handed B form and (c) is left-handed Z form. Taken from [1] 

  

The alternate A and Z forms have been shown to have implications in the biological 

functions of oligonucleotides as well as affect the overall stability of the formed 

duplex.[12] 

 

1.1.1.2 Thermodynamic Properties of DNA and other Oligonucleotides 
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One metric to describe the stability of a given secondary structure of oligonucleotides is 

the value of the melting temperature (Tm), which is defined as the temperature at which 

half the total number of sequences are associated into their desired secondary structure. In 

other words, Tm is a measure of thermal stability of the secondary structure against 

dissociation. Melting temperature depends on the number of base pair matches, the 

composition of the base pair matches (ratio of stronger G-C to weaker A-T pairs), 

oligonucleotide sequence concentration, and ionic strength of solution.[13, 14] For 

example, since G-C pairs possess more hydrogen bonds than A-T pairs, sequences with 

higher G-C ratios result in higher melting temperatures. As a second example, increasing 

the total number of base pairs also tends to raise the melting temperature. The overall 

propensity for hybridization of sequences is described thermodynamically in terms of 

Gibb's free energy (ȹG), melting temperature (Tm), and dissociation constant (Kd) in which 

we consider the hybridization reaction between two complementary individual sequences 

to form double-stranded (ds) product as follows: 

 ίίὈὔὃὃ  ίίὈὔὃὄ P  ὨίὈὔὃὃὄ (1.1.1.1) 

where Ka is the equilibrium association constant. We can also describe this with the 

Gibbs free energy (ȹG) for this reaction as both 

 ЎὋЈ ὙὝÌÎὑ  (1.1.1.2) 

and   

 ЎὋЈ  ЎὌЈ ὝЎὛЈ (1.1.1.3) 
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Where R is the gas constant, T is absolute temperature, ȹH is enthalpy of the reaction, 

and ȹS is entropy. For oligonucleotides at the exact melting temperature value for a given 

oligonucleotide sequence, Ka=0.5 and Tm is defined as the temperature at which ЎὋЈ π. 

After equating equations 1.1.1.2 and 1.1.1.3, one can rearrange terms to generate the 

following equation: 

 
Ὕ

ЎὌЈ

ЎὛЈ ὙÌÎὑ
 (1.1.1.4) 

Finally, we can define the equilibrium dissociation constant Kd as the inverse of the 

equilibrium constant Ka: 

 
ὑ

ρ

ὑ
 (1.1.1.5) 

By substituting Ka in 1.1.1.2 with equation 1.1.1.5 yields: 

 

ὑ Ὡ
Ў Ј

Ὡ
Ў Ј

ЎЈ

 
(1.1.1.6) 

Since these equations are expressed in a generalized format, they can also be used to 

explain thermodynamics of self-interaction or self-hybridization of single-stranded (ss) 

oligonucleotides with themselves, e.g. 

 ίίὈὔὃὃᴾ ὛὩὰὪὌώὦὶὭὨὭᾀὥὸὭέὲὃ  (1.1.1.7) 

or even with a non-nucleotide species such as protein: 
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 Ὀὔὃὃ  ὛὴὩὧὭὩίὄ P ὅέάὴὰὩὼὃὄ (1.1.1.8) 

Since DNA has been widely studied by groups such as SantaLucia and Zuker[15-22], the 

predicted and experimental thermodynamic parameters of many inter-oligonucleotide and 

intra-oligonucleotide interactions are well documented, including values for nearest 

neighbour base stacking effects on ЎὋЈ.  This information enables computational methods 

such as Zukerôs UNAFOLD web server to be employed to calculate predicted values of 

ЎὋЈ and Tm for a given sequence or sequences under various in solution conditions through 

summation of experimentally determined values of ȹG for the 10 possible base pair nearest 

neighbour interactions: 

 ЎὋЈὸέὸὥὰ ВὲЎὋ Ὥ ЎὋ  
Ј ЎὋ  

Ј ЎὋЈ   (1.1.1.9) 

in which ὲ is the number of incidences of a particular nearest neighbour pair, ЎὋ Ὥ  is 

the free energy of the corresponding nearest neighbour pair (i), ЎὋ  
Ј  and ЎὋ  

Ј  

are the free energy of a terminal G-C or A-T pair respectively, and ЎὋЈ  is the free energy 

of self-complementarity. 

Other considerations for the thermodynamics of oligonucleotides is the variations in 

enthalpy with temperature, since the assumption that enthalpy remains constant with 

respect to temperature (i.e. heat capacity, ЎὅЈ π), is not always true. This temperature 

dependence can be expressed by the rearrangement of equations 1.1.1.2 and 1.1.1.3 to 

generate the vanôt Hoff equation: 
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 ÌÎὑ


ρ
Ὕ

ЎὌЈ

Ὑ
 (1.1.1.10) 

or   

 ÌÎὑ

Ὕ

ЎὌЈ

ὙὝ
 (1.1.1.11) 

From equation 1.1.1.10 and 1.1.1.11, it can be observed that Ka will vary with temperature 

unless ЎὌЈ π. Determination of the dependence of ЎὌЈ on temperature can be carried 

out by measuring ὑ  at various temperatures, taking the slope of ὑ  as a function of  to 

yield 
Ў Ј

. The second derivative of ὑ  as a function of T will yield Ўὅ. The value for 

Ўὅ can be estimated theoretically using methods in Zukerôs UNAFOLD with Ὕ
Ў

Ўὅ .  

In contrast to pure oligonucleotide systems, thermodynamic estimations for parameters in 

equation 1.1.1.8 involving the interaction of DNA or another oligonucleotide with a non-

nucleotide species are not broadly characterized[23-26], as the number of variables such 

as the particular oligonucleotide sequence, non-nucleotide species, solution conditions, and 

modes of association are seemingly countless. While it is not possible to explore all 

potential DNA sequences interactions with a species, recent advancements in DNA solid-

phase synthesis do allow for facile tailoring of both sequence and length, so investigation 

of many of sequences of interest are more possible.[27]  

1.1.2 Other Candidate Oligonucleotides 
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1.1.2.1 RNA 

Like DNA, ribonucleic acid (RNA) is also a biomacromolecule but has several key 

differences from DNA. Firstly, the backbone of RNA has a ribose sugar with has a 

hydroxyl group on the 2'-carbon rather than the 2'-hydrogen present in deoxyribose shown 

in Figure 1.1.2. In general, the presence of this 2'-hydroxyl on ribose results in lower 

chemical stability as compared to DNA, especially in alkaline and elevated temperature 

conditions (37°C<T<100°C).[28, 29] The 2'-hydroxyl can even result in self cleavage of 

the phosphodiester bonds in the backbone of RNA.[30] Another key difference from DNA 

is the substitution of the thymine base in RNA with a uracil base which is a chemical 

analogue of thymine with a demethylated 5'-carbon.  RNA often occurs as a single-stranded 

biomacromolecule in nature, which results in greater observed structural diversity in 

contrast to dsDNA. In fact, ssRNA even possesses more conformational freedom than a 

comparative ssDNA sequence, which potentially allows for additional conformations (e.g. 

pseudoknot) not possible for ssDNA.  

1.1.2.2 LNA 

Locked Nucleic Acids (LNAs) are synthetic oligonucleotides that mimic aspects of both 

DNA and RNA. Similar to RNA, it possesses a ribose-like sugar with key modifications- 

the 2' hydroxyl group is replaced with 2'-oxygen and there is a methylene linker connects 

the 2'-oxygen to the 4'-carbon in the ribose as shown in Figure 1.1.4 to effectively lock the 

ribose into a C3'-endo conformation. LNA typically uses found in DNA (A, T, G, and C). 
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Figure 1.1.4. Chemical structure of LNA with the methylene linker (left) and in its C3'-

endo conformation (right). Taken from [31] 

These modifications of the ribose group results in more A-form helixes which are thought 

to strengthen base stacking interactions as compared to B-form dsDNA helixes. [32, 33] In 

addition to promoting stronger base stacking interactions, the methylene bridge also 

confers nuclease resistance, as compared to its RNA and DNA counterparts. [34, 35] The 

Milam group has demonstrated  greater hybridization activity and fidelity of recognition 

between of complementary oligonucleotide sequences with LNA-based sequences 

compared to pure DNA sequences, though generally only modest differences were found 

in the association rate constants. [36] Other groups have reported similar findings in terms 

of overall affinity and fidelity of recognition of LNA to complementary oligonucleotides.  

1.2 Aptamers 

Aptamers are single-stranded oligonucleotides with high affinity and specificity for a 

particular non-nucleotide target. Using in-vitro screening processes, aptamers have been 

identified for many targets ranging from ions to small molecules to proteins and even whole 

cells. [37-44] Aptamers are commonly thought of as the oligonucleotide analogues of 

antibodies, but with many significant advantages over their antibody counterparts. Similar 
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to antibodies, aptamers have been characterized by their equilibrium dissociation constants, 

and have exhibited values of Kd  typically in the picomolar to the micromolar range. [45]  

While antibodies typically rely on animal hosts for their in vivo generation, aptamers are 

generated from a synthesized oligonucleotide library which enables easy customization of 

base content and oligonucleotide modifications with lower cost and high reproducibility 

during their in vitro selection processes. [45-48] It is largely accepted that aptamer-target 

binding is strong, but non-covalent and occurs through structure complementarity between 

self-hybridized aptamer and its target; this structural complementarity arises from several 

factors including the aromatic rings involved in base stacking, electrostatic and van der 

Waals interactions, hydrogen bonding or any combination thereof.[49] Aptamer 

interactions with their target are often treated as a ñlock-and-keyò binding interaction 

similar to that of an antibody and its antigen, but other studies indicate that other 

mechanisms are involved in binding[50, 51], discussed in detail in section 1.5.  These 

properties of aptamers have inspired large-scale investigation for uses in therapeutics, 

biosensing, diagnostics, and research.  

1.3 Conventional Aptamer Screening 

As stated previously, three labs independently and simultaneously developed a similar 

procedure for in-vitro selection of aptamers in 1990. [52-54] Robertson and Joyce used 

their in-vitro selection procedure to select a variant of Tetrahymena ribozyme to cleave 

single-stranded DNA more efficiently than the naturally occurring wild type of the enzyme. 

[52] Through repeated cycles of mutagenesis and selective amplification, the first RNA 

sequence/aptamer to be generated in vitro to specifically cleave single-stranded DNA was 

identified by the Joyce group.  At the same time, Tuerk and Gold used a randomized eight-
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base length region within an RNA sequence that was previously known to bind to the 

bacteriophage T4 DNA polymerase. Through progressive rounds of selection and 

amplification of the sequence, Tuerk and Gold demonstrated that they could identify a new 

overall sequence with improved binding capabilities to the T4 DNA polymerase.[54] It is 

from this publication by Tuerk and Gold that the eventual preferred descriptive name for 

this in vitro selection process originated: ñSystematic Evolution of Ligands by Exponential 

Enrichmentò (SELEX). The third group to publish a related process the same year was 

Szostakôs group. Unlike the previous groups, Ellington and Szostak utilized a completely 

randomized RNA library which did not contain any previously known RNA sequence or 

species with affinity for their chosen target, a molecular dye.[53] This non-preferential 

selection is what most current SELEX processes use. [45] Ellington and Szostak were also 

the first to coin the term ñaptamerò in this paper, using the Latin ñaptusò meaning ñto fitò 

and ñ-merò denoting a polymer-like repeat unit to describe their identified RNA sequence 

which preferentially bound to their molecular dye target, in what they hypothesized to 

occur through ñfold[ing] in such a way as to create a specific binding site for small ligands.ò 

[53] With these landmark papers as a foundation, the SELEX-based  selection processes 

has become wide-spread in its use to identify aptamers sequences or oligonucleotide based 

ligands comprised of single-stranded oligonucleotide sequences with high affinity and 

specificity for their particular non-nucleotide target.  

1.3.1 Conventional in vitro SELEX 

The first step in preparation for SELEX is the generation of a random library of 

oligonucleotides such as DNA that will serve as a ñpoolò of potential aptamer sequences 

during panning.  A typical DNA library consists of a large number of ssDNA fragments 
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(~1015 molecules) that share a templated design comprised of a central random region of 

20-80 nucleotides with flanked 5' and 3' ends that are specific or fixed base segments.[45] 

These fixed end segments facilitate amplification of the sequences throughout the SELEX 

process as short complementary sequences called primers are designed to hybridize to these 

fixed end segments and allow PCR to proceed as shown in Figure 1.3.1.  

`

 

Figure 1.3.1. Illustration of the ideal polymerase chain reaction for a single ssDNA 

template with a random region. A PCR cycle is comprised of (1) annealing of the primers 

at 47°C (2) extension of the primer by Taq polymerase at 72°C in the presence of 

monomeric species called dNTPs (not shown) and (3) denaturation of the double-stranded 

DNA at 95°C. 

 While there are ~1015 ssDNA in a library, there are typically multiple copies of each 

sequence, so the actual number of unique sequences may range from ~108-1012 sequences. 

If the ssDNA library is later to be transformed into an RNA library, a sense primer on the 

5' end containing the T7 promoter sequence is necessary along with the antisense primer. 

[45] The T7 promoter sequence allows the T7 RNA polymerase to transcribe the ssDNA 

to RNA, however if a ssDNA library is to be used no additional preparation is necessary.  

If performing SELEX with an RNA library, each round requires the RNA to be reverse-
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transcribed back into ssDNA, subsequently amplified via reverse transcription polymerase 

chain reaction (RT-PCR), and transcribed back into RNA with T7 RNA polymerase. [45] 

DNA continues to have several advantages over RNA for its use as an aptamer, even 

ignoring these extra steps during PCR that are required for RNA SELEX; DNA possesses 

greater chemical stability in in vivo environments as compared to RNA and thus makes it 

a more attractive ligand option.  

After preparation of the oligonucleotide library, a common precursor step to SELEX is 

counter selection. Counter selection is essentially a partitioning step involving a negative 

target that reduces the initial library size by removing sequences that have affinity to 

undesirable targets such as reaction vessels, immobilization substrates, side products of a 

reaction with the desired target, a closely comparable species to the desired target, or even 

a different form of the desired target. In Figure 1.3.2, a counter selection step is illustrated 

for the case in which the desired target is immobilized onto a substrate, so a counter 

selection against the substrate is a desirable step since aptamers with a significant affinity 

for the substrate are not a desirable aptamer candidate. It is possible to employ multiple 

counter selection steps to enable more specific selection of aptamer candidates for the 

desired target. [42, 45, 55]  

SELEX itself begins with an incubation step to introduce the library to the target under a 

desired set of environmental conditions for promoting specific binding. Parameters include 

choice of buffer salt and pH conditions, temperature conditions, substrate for convenient 

immobilization of small targets, and addition of potential blocking agents to promote for 

equilibration of the library with the target. Following incubation, the next step in the 

SELEX round is partitioning, in which unbound sequences are separated from target-bound 
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sequences. Depending on parameter choices, such as a substrate for target immobilization,  

this step can be potentially accomplished via magnetic bead separation, centrifugal 

separation of a bead substrate, gel shift assay separation, a wash of the target functionalized 

solid phase in HPLC, or nitrocellulose filtration. [55] After partitioning, the remaining 

bound sequences are eluted by changing buffer conditions and/or temperature to promote 

dissociation of target-sequence complexes, and the eluted DNA sequences are 

subsequently amplified via PCR as shown in Figure 1.3.1 or via RT-PCR for eluted RNA 

sequences. The previously bound and now amplified copy numbers of these sequences are 
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used to enrich the pool of candidate sequences and can now be reintroduced to the desired 

target in a new SELEX round as shown in Figure 1.3.2. 

 

 

 

Figure 1.3.2 Schematic of conventional SELEX. One round of SELEX includes (1) 

incubation of the random oligonucleotide pool with the desired target (2) partitioning of 

non-binding sequences (3) the elution of bound sequences from the target (4) PCR based 

amplification of the previously bound sequences to be used in the next SELEX cycle. The 

counter selection illustrated is an optional precursor step to remove sequences that bind to 
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a non-desirable target before they are introduced to the desired target. After a set number 

of rounds of SELEX, cloning and sequencing take place after a final PCR step. 

 Rounds of SELEX are typically repeated multiple times in order to ideally promote the 

selection of a set of sequences with the highest affinity out of the library pool. Depending 

on the number of SELEX rounds performed (normally between 10-30 rounds), complexity 

of the target, and the stringency of selection conditions, the SELEX process can take 

approximately two months to complete.[42, 45] Some more recent studies suggest that 

while there are relatively few sequences with high affinity in a given pool of ~1015 

sequences, [56] identification of these high affinity sequences can be accomplished in as 

few as three SELEX rounds by employing high throughput next generation sequencing 

(NGS) rather than conventional, low throughput sanger sequencing.[57] Following the 

final SELEX round, the final remaining sequences are typically cloned a subset of clones 

and sequenced. As mentioned previously, more modern methods skip the cloning step, and 

instead sequence the entire remaining pool with NGS rather than just the smaller subset 

available with sanger sequencing.[58]   

Post-SELEX analysis of the identified sequences commonly includes primary structure 

analysis, or predicted secondary structure analysis, and possibly, quantitative binding 

affinity studies. The goal of primary structure analysis is to pinpoint any shared or common 

base segment(s) requisite for binding to the target, while the secondary structure analysis 

attempts to identify any common secondary structures of these sequences or self-

hybridized segments that may bind to the target. Since primary structure directly correlates 

with secondary structure, both shared base segments and common secondary structures of 

resulting sequences are referred to as consensus motifs, and often treated as potential 
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binding motifs. [58, 59] For consensus motifs within base segments, it is common to ignore 

the fixed end portions in the sequence template as they occur in every sequence, but work 

by Ouellet et al. gives credit to the postulation that fixed regions interference with formed 

structures should still be considered for secondary structure motifs. [60] Binding affinity 

studies to determine equilibrium dissociation constants (Kd) are common but can require 

specialized equipment, labelling schemes, and differing conditions and experimental setup 

from SELEX. Section 1.5 will address Kd measurements in more detail.  

1.3.2 Pitfalls and Limitations of Conventional SELEX 

While SELEX discovery of aptamers has a number of advantages over in vivo methods to 

generate antibodies for a target, conventional SELEX does have a number of limitations 

and pitfalls. One limitation of conventional SELEX is that not all molecules or substrates 

are suitable targets. Molecules that cannot be produced with high purity or sufficient 

quantity should not be considered, as enrichment of non-functional or nonspecific 

sequences is more likely. Even for targets with high purity and yield, there is potential for 

enrichment on nonspecifically binding sequences through a number of pathways which 

include the following: positively charged species which can nonspecifically bind to the 

negatively charged backbone of oligonucleotides, species with hydrogen bonding 

candidate sources which can nonspecifically bind to nucleic acid bases, and hydrophobic 

domains such as aromatic compounds which can also nonspecifically bind to bases.[61, 

62]  Conversely, highly negatively charged species can be challenging as targets due to 

electrostatic repulsion with oligonucleotides. As desired targets shift to more complex 

systems, such as living, diseased, cells, the increase in potential, but undesired, binding 

sites (e.g. a receptor found on both normal and diseased cells) can greatly affect the degree 
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of specificity achieved in resulting aptamers.[63] To ensure these issues are not generating 

false positive hits among candidate sequences, counter selection becomes key. 

Additionally, some authors have even postulated that the similarity in structures observed 

for distinct aptamer sequences for the same target (in separate SELEX processes run by 

different groups) ñsuggests that some factors can affect the direction of aptamer evolution 

which may result in the failure of aptamer selection for specific target or site of 

interest.ò[47] This directed aptamer evolution may in part be due to interference or 

promotion of binding events played by fixed base segments. 

A second set of limitations on SELEX involves the challenge to uniformly standardize 

SELEX across the community. Since targets vary, an aptamer selection protocol 

appropriate against one target may not be possible for other targets due to the 

incompatibility in immobilization and separation schemes; target size, availability and 

stability under selection conditions; and the lack of a suitable counter selection or negative 

target. An additional factor relating to this limitation is the environmental stability of the 

oligonucleotide in a complex environment such as serum due to the presence of 

oligonucleotide-cleaving nucleases, destabilizing pH conditions, presence of other nucleic 

acids, and hydrophobic and/or positively charged species (e.g. lysine residues in a protein) 

in a biological environment. Thus, oligonucleotides may be degraded or have structure loss 

during the selection process itself.  This set of limitations results in SELEX requiring a 

significant amount of optimization for most biological targets. Though automated SELEX 

methods exist[57, 64, 65], the challenge to incorporate specialized robotic systems means 

that manual handling (and all its associated errors) is currently used and likely to continue 

for the immediate future.  
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Lastly, a very specific pitfall of SELEX is the quality of the synthesized library and 

subsequently selected pools in each round of SELEX. In 2005, Musheev and Krylov 

published their findings detailing differences in PCR of a ssDNA template with a random 

central region versus a homogenous sequence population which demonstrated that PCR for 

random libraries proceeds markedly differently and requires significant optimization to 

reduce undesirable side product formation.[66]  Since then multiple groups have continued 

to report bias in PCR during SELEX in both base content and side product formation using 

either non-equilibrium capillary electrophoresis (NECEEM) or NGS characterization and 

have proposed models of by-product formation and resulting selection bias. [67-69] 

Recently, another group reported that bias arises even in the ordered template from 

different manufactures, persists in PCR, and can affect the overall affinity of the identified 

aptamers. [70] Emulsion PCR (ePCR) [69, 71] as well as now droplet digital PCR (ddPCR) 

has now been shown to be one method to minimize PCR bias and side product formation 

in random oligonucleotide libraries. [70]  

1.4 Aptamer Targets 

This next section provides an overview of some of the general trends in target choices for 

SELEX-based aptamer screenings. As stated previously, aptamers have been selected for 

targets ranging from ions and small molecules to proteins and even whole cells. [37-44] 

The next question can entail the actual application of an aptamer. The answer is that an 

aptamer may potentially be used as both a recognition, detection tool as well a potential  

therapeutic tool. [50, 72-74]  As examples, a number of potentially therapeutic and 

diagnostic aptamer sequences have been investigated as capture agents for: human 

immunodeficiency virus (HIV) related proteins, Hepatitis C related proteins, leukemia 
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cells, immunoglobulin E, thrombin, and vascular endothelial growth factor (VEGF).[45] 

The first FDA approved aptamer therapeutic is known as Pegatnib or Macugen, a pegylated 

aptamer for VEGF.[75]  

1.4.1 A Model Aptamer Target: VEGF 

VEGF is a basic heparin binding glycoprotein which is encoded by a single gene and can 

be expressed in four different isoforms: VEGF121, VEGF165, VEGF189, and VEGF206, in 

which the VEGF isoform number is equal to the number of amino acid residues present. 

[76, 77]  The most common isoform expressed in humans is VEGF165 (~45 kDa). While 

the VEGF121 isoform is acidic, the other isoforms are basic, and exhibit higher binding 

affinity to heparin, a glycosaminoglycan which functions as an anticoagulant. [78] 

VEGF121 is a freely soluble protein, and though VEGF165 is somewhat soluble, a significant 

portion of the isoform remains physically associated with the cell surface or extracellular 

matrix when secreted.[79] VEGF assumes an antiparallel heterodimer structure and 

possesses two binding domains, the receptor-binding domain and the heparin-binding 

domain.[80, 81] Correlation of the structure of VEGF165 with its function has been 

effectively demonstrated through limited proteolysis of VEGF which results in a 7-10 fold 

reduction in its bioactivity. [82] The high affinity binding of VEGF (Kd ~1-10 pM) to 

multiple receptors also has been widely characterized.  

The unique structure and properties of VEGF extend to its distinctive roles as a mitogen 

and angiogen. VEGF has been described as a ñpotentò mitogen with an effective dosage 

that produces a therapeutic response or ED50 as low as 2 pM. [77] As implied in its name, 

groups have reported VEGF selectively induces mitosis or mitogenesis of endothelial cells 



 23 

from veins, arteries, and lymphatics, but not for other cell types. [83-89] As an angiogen, 

VEGF regulates angiogenesis through interactions with tyrosine receptor kinases which 

can result in either desired physiological angiogenesis (e.g. tissue regeneration) or 

undesired pathological angiogenesis (e.g. tumor growth). [90, 91] In physiological 

angiogenesis, VEGF has been shown to play crucial roles in embryonic vasculogenesis and 

angiogenesis,[92, 93] postnatal development,[94, 95] skeletal growth and bone 

formation,[96, 97] and ovarian angiogenesis.[97, 98] Conversely, pathological 

angiogenesis has been found to be mediated by VEGF in solid tumors and hematologic 

malignancies,[99, 100] intraocular neovascular syndromes,[101-103] inflammation and 

brain edema,[104, 105] and pathology of the female reproductive tract. [106, 107] Thus, 

the dual VEGF plays in mediation of angiogenesis in a variety physiological context  makes 

it an ideal target for therapeutic applications as both a target for inhibition[108] or 

promotion of angiogenesis activity. [109, 110] 

The trifecta of its unique molecular structure, structure related function and relevant 

therapeutic and diagnostic applications allowed VEGF come into the spotlight as an ideal 

target for aptamer identification through SELEX since an aptamer potentially enables 

tailored control of inhibition or uptake of a molecular species as well as potentially function 

as a delivery platform. [74, 111-113] The first reported and subsequent aptamers for 

VEGF165 were identified by Janjic and coworkers. [114-116] Janjic et al. continued to 

investigate affinity and structural modification for stability and truncation of the RNA 

aptamer for VEGF165 and later demonstrated that they could in fact inhibit receptor binding 

of VEGF as well as subsequent VEGF mediated vascular permeability through targeted 

aptamer binding to the receptor for VEGF. [117] After clinical trials, a pegylated version 
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of the RNA aptamer for VEGF165 was approved by the FDA for use in humans under the 

name Pegatnib or Macugen.[75, 90] Since the identification of RNA aptamers for VEGF165 

by Janjic et al., other groups have identified additional DNA aptamers for VEGF165 .[118] 

The aptamers for VEGF165 interactions have continued to be investigated by additional 

groups to study aptamer-VEGF binding mechanisms, affinity and kinetics after selective 

modification, truncation, and deletion of  portions of the aptamer structure. [119, 120] The 

Milam group has explored regulated uptake, release, and regeneration of aptamer binding 

capability using competitive target displacement strategies. [81] Thus, VEGF has served 

as a model target for selection of aptamers via SELEX to help pave the way for aptamer-

based therapeutic applications. 

1.4.2 Modification of Aptamers for Optimization of Target Selection 

Several of the previously discussed limitations of natural nucleic acids (i.e. DNA and RNA) 

can be mitigated by chemically modifying oligonucleotides to alter their physical, 

chemical, or structural properties. The following sections will discuss three overarching 

schemes for optimization of aptamer performance through the following oligonucleotide 

modification routes: template design, synthetic nucleic acid incorporation into library pool, 

and post-SELEX sequence modification. 

1.4.2.1 Template Design Modification 

One of the most easily implementable modifications to oligonucleotide libraries is to bias 

their properties even before introduction to the target through thoughtful design of the 

template strands.  There are several possible stratagems to even adapt the template design 

to better suit a specific target, such as (1) biasing base content in the random region; (2) 
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tailoring the base length of the random region; (3) redesigning fixed base segments; and 

(4) intentionally introducing conserved secondary structure into the library.  

Biasing base content in the random region can allow for formation of more unique 

secondary structures, enable better chemical stability in the screening environment, or 

promote selection of higher affinity from candidates possessing bases with a known 

affinity to a specific target. This has been effectively used with G/T and G/C rich libraries 

to promote G-quadruplex formation. [121] This G-quadruplex featured  library is 

generally associated with higher serum stability and  cell uptake.[121] As described in 

Chapter 3, the Milam group intentionally utilized an A-rich library for panningagainst 

gold-based target based on prior reports of the stronger interactions between gold and 

adenine. [122] Other groups have subsequently biased their chosen sequence after 

selection in which, for example, an aptamer rich in A/T was originally identified for an 

A/T binding protein, and then mutated into a non-A/T rich sequence to demonstrate the 

resulting reduction in affinity. [123]  Though the motivation for base bias has merit, one 

must exercise particular caution since biased weighting of bases in the random region 

also may be an undesired side product from unoptimized PCR bias.  

The second option involves tailoring the base length of the random region. To this purpose, 

most have argued for significant reduction of the random segment of the template as longer 

random region templates cannot potentially display all their variations within a given 

library of 1016 or fewer total sequences.[124-127] On the other hand, while shorter random 

regions have been successful for identification of aptamers [124, 125, 127, 128], these 

shorter base length libraries may not be able to achieve sufficient structural diversity in 

terms of secondary structure to yield high affinity for the target. [126] To balance these 
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competing factors, Wang et al. have proposed a scheme in which the starting template has 

a short random region, but after every SELEX round the random region is extended.[129] 

Another very recently developed compromise to this issue has involved stepping libraries 

which use an array of random region lengths.[130]  

Rather than modifying the entire template strands, modification of the fixed base segment 

has been a optimization strategy since the development of PCR.[131] Shortly after the 

introduction of PCR as a sequence amplification technique, the importance of primer 

design and its complement became quickly apparent.[132] Furthermore, these fixed base 

segments can affect aptamer selection due to their potential direct interaction with either 

the target itself or with the random region.[60, 133] The Krylov group investigated 

modifying the base length of the fixed base segments for the purposes of optimization of 

PCR of library templates for SELEX. [66] There is common agreement that shortening the 

fixed base region is ideal. [134] One group has even proposed eliminating fixed regions 

entirely through development of new methods for a cycle consisting of: removal of fixed 

regions from the library, incubation with the target, and subsequent regeneration of the 

fixed regions. [133] A simple solution for preventing fixed region interference for some 

targets has been to just introduce the complementary sequence to the fixed regions during 

incubation with the target to promote the formation of duplex ends, so the fixed regions 

will be ideally be associated in a duplex that do not compromise binding activity of the 

random region with the target.[60] Another recent modification to the fixed base segments 

also involves introducing a  truncated complementary sequence to any one of the fixed 

regions, however in this instance the complementary sequence itself is immobilized to a 

substrate. [135] 
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The last template design optimization scheme is the intentional introduction of conserved 

secondary structure into the library template. To our knowledge, the first to propose this 

scheme was Szostakôs group, in which a conserved central hairpin loop structure flanked 

by a random region on each side was used to facilitate identification of an aptamer for GTP. 

[136] Other groups have also reported successful identification of aptamers utilizing 

conserved structures to enhance hairpin loop formation within the central random region 

[133, 137] Another proposed concept is that of structure-switching aptamers by Nutui and 

Li who also used a conserved central structure flanked by random regions but utilized  

fluorescently labeling on complementary sequences to either of the fixed ends and another 

complementary sequence to the central structure with a quencher.[138]  This integration of 

dye into the structure of the template design enabled identification of aptamers in which 

the target could displace the central complementary sequence to enable signaling of any 

binding activity. Secondary structure conservation in the template should be thoughtfully 

introduced since self-complementarity of the fixed regions may also occur to affect target-

aptamer binding. [60, 136, 137] 

1.4.2.2 Synthetic Nucleic Acid Modification 

While DNA and RNA  possess natural diversity as aptamer candidates, synthetic 

modification of nucleic acids embodies the opportunity to derive new aptamer species with 

potential for higher affinity and degree of specificity. Previously the main barrier to 

implementation of synthetic nucleic acid modifications was the lack of compatibility with 

DNA and RNA polymerases, but recent advancements have enabled discovery of 

compatible modifications with identification of compatible polymerases for these 
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techniques.[139] There are several key locations for possible chemical modification of 

nucleic acids: the backbone, the sugar, and bases.  

There are currently three major possible modifications of the backbone: phosphorothioate, 

boranophosphate, and phosphonate, as shown in Figure 1.4.1(a). Successful SELEX 

identification of aptamers has been performed with phosphorothioate[140-143] and 

boranophosphate backbones.[144] A recent literature search for aptamers with 

phosphonate backbones did not yield any examples, but other phosphonate groups attached 

to aptamer 3' end has been explored as a method to inhibit neutrophil elastase.[145, 146] 

Benefits of using phosphorothioate backbones include enhanced nuclease resistance[141] 

and immunogenicity.[147] Additionally, phosphorothioate backbones can potentially 

allow for higher affinity binding through formation of additional unique structures not 

possible with DNA and RNA.[140, 143] For proteins exhibiting cysteine residues or other 

biomolecules with thiol or sulfate chemistry, disulfide bond formation is also possible with 

a phosphorothioate (e.g. heparin).[141]  Boranophosphate backbones in aptamers have the 

potential advantage of hydrophobic, sterospecific, and polar properties compared to the 

phosphate backbones which could enhance affinity; however, SELEX for some targets 

with this chemistry has proven difficult.[144]  Despite potential challenges, the Shaw group 

has previously reported successful identification of an boranophosphate aptamer to 

ATP.[148] 
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Figure 1.4.1 Chemical modifications to DNA tolerated by polymerases where (a) 

backbone modifications (b) sugar modifications and (c) uracil modifications are shown. 

Taken from Ref. [139] 

Many sugar modifications are possible to create xeno-nucleic acids (XNAs) where X 

denotes the modification[149] as only partially shown in Figure 1.4.1(b). The XNA of 

greatest interest for the purposes of this review is LNA with the 2'-methylene and has 

previously been discussed as an oligonucleotide in section 1.1.2.2. While LNA does hold 

great promise in SELEX, LNA has most commonly been used as a modification post 

selection or integrated into only the fixed regions during selection.[149] Thus far, 

implementation of LNA in the random region during selection has only been achieved by 

Kasahara et al. who reported a chimera LNA aptamer for thrombin with a Kd of ~20 nM. 

[150]  

The final candidate portion of nucleic acids for modification are the bases present. As 

shown in Figure 1.4.1(c), the uracil base contains a 5'-carbon  that can be chemically 

modified while still capable of recognition by polymerases used for PCR.[139] The number 
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of potential modifications to bases and synthetic bases for SELEX are numerous; with 24 

different base chemistry modifications reported, and of which 12 chemical base 

modifications are reported to be polymerase compatible.[151] To date, SELEX using these 

modified oligonucleotides has not been reported however, this large number of base 

modification possibilities along with accompanying variation in chemical and physical 

properties pose strong potential for customizing a library to a particular target.  

1.4.2.3 Post-SELEX Primary Structure Modification  

The last scheme for optimization of aptamers for a specific target involves post-SELEX 

primary structure modification. This modification scheme can be described as belonging 

to one of four categories: truncation (of base segment(s)), deletion (of individual bases), 

insertion/extension. These methods are commonly employed to attempt to reduce an 

aptamer sequence to only its essential binding structure, elicit binding motif information, 

and generate higher affinity for a target or greater chemical stability in harsher 

environments (e.g. in vivo). Characterization binding of VEGF aptamers have effectively 

used each of these approaches. Truncation of VEGF aptamers has been successfully used 

to identify shorter sequences that still possessed high affinity to VEGF165.[114, 120] 

Individual base deletion in VEGF aptamers has enabled identification of minimal aptamer 

structure;[117] Extension of VEGF aptamers has been employed to stabilize secondary 

structure formation to promote higher target affinity.[119] Finally, base insertion of 

positional mutations has also enabled high affinity in VEGF aptamers. [152] Though 

success has been reported, the candidate parameter space (e.g. which base to alter, etc.) is 

often very large and interdependent. Moreover, because post-SELEX modification only 
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occurs after aptamers have been selected, it has only minimal utility in adapting the SELEX 

process to other target species. 

1.5 Characterization of Aptamer Target Binding 

A key question that remains to be explored in literature is the exact nature of binding of 

aptamers to their target. Since aptamers evolve from different libraries in various 

conditions for unique targets and SELEX protocols are not uniformly implemented across 

the community, there is no singular answer. To address this issue, several models have 

been developed along with techniques and methods to characterize an aptamer binding to 

its target in addition to evaluating the aptamer sequence and predicted secondary structure. 

The following  sections will cover models for aptamer target binding, determination of the 

equilibrium dissociation constant, and motif discovery.  

1.5.1 Models for Aptamer Target Binding 

Since aptamers, whether natural or modified oligonucleotide, are a relatively new class of 

biomacromolecules, initial models for their interaction with other species have been based 

on previous models for other molecular interactions. The first and still most prevalent 

simplistic model used to describe aptamer-target complex formation is the ñlock and keyò 

model which derived from Emil Fischerôs early descriptions of enzyme-substrate 

interactions and has also been used to describe antibody-antigen binding. [153, 154] The 

lock and key model assumes that an aptamer is specific to molecules of a certain shape, as 

in the analogy of the molecule representing the lock and the aptamer representing the key 

that fits in the specific binding pocket of its matching lock.  While the analogy is simple to 

envision, it may not completely describe the mechanism for aptamer target binding. 
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 Shortly after coining the term aptamer, Szostakôs group described the formed folded 

structure of ssDNA  as playing an essential role in binding to its target. [155] This 

description, with later confirmation by others, formally led to the model used to describe 

most aptamer-target systems. As shown in Figure 1.5.1, the conformation state of the 

aptamer results in its recognition-based binding of its target.[45] 

 

Figure 1.5.1. Illustration of the conformational selection for aptamer-target complex 

formation. Adapted from Ref. [45] 

While this model is popular, some aptamer systems have been shown to deviate from this 

binding mechanism. [49, 156] Structure-switching aptamers in which conformational 

changes occur in aptamers upon target binding, for example, would not be possible under 

this model.[138] Thus, an alternative pathway for aptamer binding is similar to a theory 

that was first proposed by Koshland in 1958 for enzymes, namely an induced fit. [49-51, 

154] Under this model, multiple potential pathways for aptamer target binding can be 

diagrammed similarly to the interactions between an enzyme and its substrate, as shown in 

Figure 1.5.2.[157-159]  
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From Figure 1.5.2,  two possible pathways for aptamer binding can be observed, namely: 

one for conformational selection and another for induced fit. For conformational selection, 

an aptamer first folds into its self-complementary structure, forming a defined three-

dimensional structure (though it is typically represented as a two-dimensional secondary 

structure) to enable recognition and binding to its target. In the induced fit pathway, the 

aptamer first encounters its target and then dynamically folds to bind with the target. While 

these binding pathways may seem exclusive, it may be possible for elements of both 

pathways to occur, as reported in non-covalent protein-protein interactions. [160]  For 

simplicity, the shown binding model only assumes conformational selection and induced 

fit of the aptamer species, while the targetôs structure is assumed to be static.  

To more deeply understand the nature of aptamer-target binding, it is important to 

acknowledge these various aptamer-target binding models to probe into the origins of 

affinity generation as well as the role of any motifs in binding. Despite the proposal of this 

newer induced-fit model, most publications still presume the ñlock and keyò model 

sufficiently describes aptamer binding equilibria and kinetics.  
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Figure 1.5.2. Reaction pathways for four species: (A*) is the unfolded aptamer, (Aself ) is 

the self-folded aptamer, (A*T) is the unfolded aptamer-target complex, and (AselfT) is the 

self-folded aptamer-target complex. Red arrows represent induced fit pathways while green 

arrows represent conformational selection pathways. Schematic adapted for aptamers from 

[158]  

1.5.2 Determination of Kd  
























































































































































































































































































































