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Abstract 1 

Advances in our ability to detect biological targets relevant to human health 2 

have come from the engineering of biological molecules into assemblies capable 3 

of performing target-induced signal generation. Such assemblies, known as 4 

biosensors, are composed of a molecular recognition element (MRE) and a signal 5 

generating transduction element. One MRE class that has received great attention 6 

in recent years is functional nucleic acids, which include DNA aptamers and 7 

DNAzymes. Since 1990, a large number of functional nucleic acids have been 8 

reported. However, broad commercial use of functional nucleic acids in 9 

applications that benefit human health is sparse. The goal of this thesis is to expand 10 

the usefulness of functional nucleic acids. The thesis is made of four projects. In 11 

the first project I developed a simple colorimetric biosensor for the detection of a 12 

toxic metal ion using a reported RNA-cleaving DNAzyme coupled with urease as 13 

the signal reporter. This is followed by a project where I developed a highly effective 14 

method for the synthesis and purification of the DNA-urease conjugate needed for 15 

the biosensor.  I then turned my attention to the search for high-affinity DNA 16 

aptamers that bind VEGF-165, an important human protein found to be relevant in 17 

the progression of cancers. Given that VEGF-165 is a homodimeric protein, in my 18 

third project I looked into the suitability of reported DNA aptamers for this protein 19 

for the creation of dimeric aptamers with higher binding affinity. I examined multiple 20 

factors that may affect the successful engineering of dimeric aptamers and 21 

determined that none of the existing aptamers are compatible for creating a 22 
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productive dimeric aptamer. With this finding, I made an effort to create our own 1 

aptamers for this protein target. I was able to isolate a new aptamer that appears 2 

to be an excellent candidate for creating a higher affinity DNA aptamer. Overall, 3 

my work adds to our increasing appreciation of the functional capability 4 

demonstrated by single-stranded DNA molecules. More importantly, I hope the 5 

methods I have developed and new functional DNA molecules I have generated in 6 

this thesis will continue to drive the development of the functional nucleic acid field 7 

and contribute to the health research community’s efforts to increase human 8 

longevity.  9 

 10 

  11 
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Chapter 1: General Introduction 1 

1.1 Introducing Functional Nucleic Acids and Their 2 

Capabilities 3 

In the years that followed the discovery of DNA’s role as the carrier of 4 

genetic information, proteins were thought to be the only biomolecules capable of 5 

performing functions such as binding or catalysis. Upon recognizing that nucleic 6 

acid building blocks are rich in functional groups (Figure 1-1), much like their 7 

protein counterparts, a number of researchers came to view nucleic acids as 8 

having potential functional capabilities. In the late 1960’s Woese, Crick, and Orgel 9 

envisioned a prebiotic world where the secondary and tertiary structures formed by 10 

nucleic acids could position key functional groups in a manner that enabled them 11 

to perform functions similar to proteins.1–3 The research on the role of naturally 12 

occurring functional nucleic acids (FNAs) in this proposed RNA world has been 13 

summarized in a number of reviews in recent years.4,5 14 

A        B 15 

 16 
 17 

Figure 1-1. Nucleic acid building blocks. (A) Nucleotides (B) Nitrogenous bases  18 
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The first clear evidence of the functional capabilities of nucleic acids was 1 

the discovery of ribozymes. Two groups working with two different RNA processing 2 

chemistries – RNA slicing and tRNA maturation –  discovered that the catalyzed 3 

chemical reactions were occurring in the absence of protein components, and 4 

determined that the nucleic acid component was responsible.6,7 This discovery 5 

eventually won Thomas Cech and Sidney Altman the Nobel Prize in Chemistry in 6 

1989, as their work proved nucleic acids can play a non-genetic role. Following the 7 

discovery of natural catalytic nucleic acids, or RNAzymes (another term for 8 

ribozymes), there were a number of discoveries highlighting the binding capabilities 9 

of FNAs and thus demonstrating their non-catalytic functional capability. One such 10 

example was the discovery of a sequence of mRNA that was able to bind a coat 11 

protein, thereby blocking ribosomal binding and leading to transcriptional 12 

regulation.8,9 Other early evidence of noncatalytic functions include the discovery 13 

of DNA’s ability to form four-stranded complexes in guanine-rich sequences, where 14 

guanines form tetrad structures through hydrogen bonding (Figure 1-2) which can 15 

stack into larger complex structures, and are shown to be capable of binding 16 

monovalent ions.10,11 17 

A      B 18 

  19 

 20 

     C 21 

 22 
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Figure 1-2. DNA and its hydrogen bonding (A) Double-stranded DNA shown with 1 

the phosphodiester backbones arranged anti-parallel to one-another (B) 2 

Hybridization of nitrogenous bases through Watson and Crick type hydrogen 3 

bonding (C) An example of alternative arrangement of nucleobases, 4 guanines 4 

forming a G-tetrad that utilizes Watson-Crick interactions and other hydrogen 5 

bonding interactions known as Hoogsteen-face base-paring. This is typically 6 

stabilized by a central metal ion (M+). 7 

We may never definitively know if FNAs found in nature are remnants of a 8 

prebiotic world without proteins present to carry out crucial biochemical tasks. 9 

However, the demonstrated functional repertoire amongst naturally occurring 10 

FNAs provides a staggering amount of support for this theory.12–15 This work on 11 

FNAs found in nature has provided the field with foundational knowledge that has 12 

since been applied to efforts focused on synthetically-derived variants of FNAs. 13 

Our lab is one of the groups advancing this area of research, using synthetically-14 

derived FNAs for biosensing applications.  15 

1.2 Derivation of Synthetic Functional Nucleic Acids  16 

Following the discovery of natural FNAs, a momentous time in the field 17 

came in 1990 when three groups published methods for in vitro derivation of 18 

FNAs.16–18 Two papers published in August of that year focused on the derivation 19 

of non-catalytic molecules (termed aptamers) which were capable of ligand 20 

binding,16,17 only a few months after Robertson and Joyce had used a similar 21 

process to derive a catalytic functional nucleic acid molecule in vitro,18 more 22 

specifically a mutant variant of the RNA-splicing Tetrahymena ribozyme that was 23 

capable of cleaving DNA.18  24 
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All three shared a similar basic design, involving the selective amplification 1 

of functional species separated from of a large pool of short nucleic acid molecules, 2 

through the use of a function-based separation step followed by regeneration of 3 

the target-responsive species using polymerase chain reaction (PCR) (Figure 1-4 

3A).  5 

A         B              C 6 

 7 

Figure 1-3. In vitro selection schematic. (A) General in vitro selection scheme 8 

applicable to all classes of FNAs (B) Schematic of in vitro selection for aptamers 9 

(C) Schematic of in vitro selection for RNA-cleaving DNAzymes.  10 

Regeneration of the pool enables the cycle to be repeated until target-11 

responsive species with desired properties are isolated. This method for the 12 

synthetic derivation of FNAs has fueled the growth of this field, as evident by these 13 

three papers having been collectively cited nearly 20,000 times since their 14 

publication. Variations of this approach allow the isolation of nucleic acids capable 15 

of target-specific binding (Figure 1-3B), and catalysis (Figure 1-3C). For the 16 

isolation of FNAs capable of binding a target of interest, a large randomly 17 
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generated pool of oligonucleotides is incubated with a target that is immobilized 1 

onto a bead, and target-responsive species in the pool (blue) are separated from 2 

the rest of the pool (Figure 1-3B). The pool is then regenerated using PCR to restart 3 

the cycle. In addition to being adapted for the isolation of FNAs capable of binding, 4 

Figure 1-3C shows a schematic of the variation of this method to enable isolation 5 

of nucleic acids with the ability to perform target-responsive catalysis. In this 6 

approach, a random library of oligonucleotides, is ligated to an RNA substrate 7 

portion (red), and incubated with target, before separating species that 8 

demonstrate cleavage ability (blue). The active species that performed cleavage 9 

are then separated using electrophoresis (denaturing polyacrylamide gel 10 

electrophoresis - dPAGE).  11 

In each iteration, function-based separation of target-responsive nucleic 12 

acid species is followed by amplification, using PCR to regenerate more of the 13 

target-responsive oligonucleotides which can be used for additional iterations of 14 

the cycle– ultimately resulting in the enrichment of target-responsive species. The 15 

repeated function-based separations, coupled with the mutations acquired as a 16 

result of errors by the polymerase, can collectively help convert a randomized 17 

library consisting of a single copy of approximately 1014– 1016 different unique 18 

sequences down to a handful of FNA candidates. In iterations where the resulting 19 

oligomers are capable of ligand-binding, they are termed aptamers (from the Latin 20 

aptus – fit, and Greek meros – part). A variation of this method (shown in Figure 1-21 

3C) was used in developing the first catalytic FNAs made of DNA (termed 22 
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DNAzymes) by Breaker and Joyce.19 DNAzymes and DNA aptamers are inherently 1 

more stable FNAs when compared to their RNA counterparts. Thus, investigations 2 

described herein will focus on the use of DNA-based FNAs such as DNAzymes 3 

and DNA aptamers, which are highlighted among other classes of FNAs 4 

summarized Figure 1-4.  5 

 6 

Figure 1-4. Types of FNAs, split into catalytic and non-catalytic classes. Catalytic 7 

classes are split into RNAzymes (also known as ribozymes) and DNAzymes based 8 

on their nucleic acid composition, and the non-catalytic classes are split into 9 

aptamers, and spiegelmers, which are made of synthetic L-nucleic acids.   10 

1.2.1 Library Design 11 

The in vitro selection approach hinges on the use of a randomly generated 12 

library where the oligos contain primer binding sites at the termini to allow 13 

amplification prior to each subsequent round after the first (Figure 1-5A). The 14 

middle portion of each oligo in the library is synthesized randomly, theoretically 15 

yielding potentially 4n different sequences (n is the number of nucleotides in the 16 

random region). Thus a typical 40 base random region can make 1024 possible 17 

sequence variants. In practice, technical considerations limit the amount that can 18 

be used for initiating the selection to 1–10 nmol; which is only ~1014–1016 19 

sequences. Thus, a large fraction of the sequence space is not covered when 20 
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performing selections using longer random regions, however, a library composed 1 

of oligomers with small random regions can lack diversity. A larger starting diversity 2 

may help contribute to the probability of a successful outcome. While shorter 3 

lengths will cover all or a large percentage of sequence space, longer regions are 4 

thought to allow for more complex structures that may be needed to fold into a 5 

functional RNA or DNA. Notably, FNAs have been successfully derived at both 6 

extremes. An RNAzyme isolated by David Bartell was derived using a library with 7 

a 220 nt random region,20 whereas the small isoleucine aptamer was evolved from 8 

a pool with a random region of 22 nts.21 9 

As a result, this decision-point in library design has been often debated,22 10 

with our group historically choosing to prioritize sequence diversity by favoring a 11 

random region longer than 25 nts, thereby sampling a smaller portion of the 12 

sequence space (Figure 1-5B).  13 

A 14 

 15 

B  16 
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Figure 1-5. Library design and sequence space. (A) A typical library design for in 1 

vitro selection, with a random region (green) flanked by two primer binding sites 2 

(blue) for the forward (light blue) and reverse primer (dark blue) to dock onto prior 3 

to PCR amplification. The library is used directly in selections of aptamers as 4 

shown; for DNAzyme selections, it is ligated to a suitable substrate strand prior to 5 

each round.  (B) Graph showing the relationship between the size of the random 6 

region, and the theoretical maximal sequence diversity (log), the grey box indicates 7 

the region that can be reliably sampled, with a dotted line indicating the region 8 

where sequence space and sequence diversity are equal, at ~25 nts.  9 

1.2.2 Counter-selection 10 

Repeated cycles of in vitro selection, can lead to the generation of highly 11 

sensitive ligand-responsive aptamers and DNAzymes, however the selectivity of 12 

these FNAs is largely thought to be enabled by a process known as counter-13 

selection, wherein the library is incubated in the presence of one or more targets 14 

which the investigator does not intend the FNAs to respond to, and the ones that 15 

do respond are removed from the pool. A schematic of this is shown in Figure 1-6 16 

for aptamers and DNAzymes. Selections often involve interchanging rounds of 17 

positive selection (intended target) and negative selection (unintended target) in 18 

an effort to derive FNAs that are both sensitive and selective. Those that respond 19 

in the presence of an unintended target (purple diamond) are isolated (dotted box) 20 

and removed from the pool prior to incubating with a target of interest (gold star). 21 

Then, a positive selection is carried out, where target responsive species are 22 

separated from non-responsive ones, and the pool is regenerated for repetition of 23 

the cycle.  24 
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A1 

 2 
B 3 

 4 
Figure 1-6. Counter-selection schematic, shown for aptamers and RNA-cleaving 5 

DNAzymes. Incubation with an unintended target (purple diamond) causes binding 6 

(A) or RNA cleavage (B) by non-specific candidates in the pool, which are then 7 

eliminated before incubation with a positive selection with a target of interest (star).  8 

1.3 Structure and Function of FNAs 9 

Over the last 29 years, hundreds of FNAs have been derived in vitro for the 10 

detection of a wide range of targets ranging from metal ions to proteins to whole 11 

cells. A number of these FNAs and their application have been comprehensively 12 

discussed in several recently published reviews.23–27 The coming section will detail 13 

the structure and function of several commonly studied aptamers and DNAzymes.  14 
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1.3.1 Aptamers 1 

Aptamers can fold into a range of structures that facilitate binding, one such 2 

structure is the result of stacking of two or more guanine tetrads and is known as 3 

a G-quadruplex. G-quadruplexes exist in multiple forms and make up a class of 4 

complex structures commonly adopted by aptamers (Figure 1-7). 5 

A     B 6 

             7 
Figure 1-7. G-quadruplex schematic. (A) Guanine tetrad, and its representative 8 

diagram (B) Examples of parallel and anti-parallel arrangements of DNA (lines), to 9 

form stacks of two or more guanine tetrads (grey squares).   10 

 11 

Figure 1-8A shows the crystal structure of the aptamer for thrombin, alone 12 

and bound to its target protein. The crystal structure of one example of a G-13 

quadruplex aptamer bound to its protein target is shown to help establish the role 14 

of the structure in its binding function. The thrombin aptamer is one of the most 15 

widely studied protein-targeting aptamers in sensor development.28,29 As shown in 16 

Figure 1-8B, it is a 15-mer single-stranded DNA with the sequence 5'-17 

GGTTGGTGTGGTTGG-3'.28 The dissociation constant (Kd) is around 100 nM. Its 18 

structure was determined to be an intramolecular G-quadruplex, which interacts 19 

with the fibrinogen-recognition exosite.30–32 The eight conserved guanine residues 20 

(in bold) form G-tetrads that are stabilized by hydrogen bonds, and are capable of 21 

= 
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stacking through π-π interactions (Figure 1-8B). Another commonly used DNA 1 

aptamer is the stem-loop aptamer capable of recognizing ATP, with a Kd of 6 µM 2 

(Figure 1-8C).33 Structural characterizations indicated that two ATP molecules 3 

were intercalated into the aptamer by forming non-canonical G:A base pairs.34  In 4 

addition to ATP, the aptamers can also bind AMP and adenosine tightly.  5 

Beyond these commonly studied examples, advancements in the field of 6 

FNAs in the past 29 years have resulted in aptamers being isolated for targets 7 

ranging from small molecules,23,35–37 to large proteins.25,26  8 

 A        B     C    9 

 10 

D                                      E                            F  11 

 12 

 13 

 14 

                15 

 16 

 17 

 18 

 19 

 20 

Figure 1-8. Examples of FNAs. (A) Crystal structure of thrombin aptamer, as a G-21 

quadruplex in its unbound state (left panel) and its target-bound state; adapted with 22 

permission.38 (B) The G-quadruplex structure of thrombin aptamer. (C) The 23 

secondary structure of an ATP-binding DNA aptamer. (D) The secondary structure 24 

of the Pb2+-dependent RNA-cleaving DNAzyme, GR-5. (E) The secondary 25 

structure of the 8-17 DNAzyme. (F) The crystal structure of the 8-17 DNAzyme; 26 

adapted with permission.39 AsfvPolX proteins, which were utilized to facilitate the 27 

crystallization, are colored in light blue or cyan. 28 
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1.3.2 DNAzymes 1 

 The first DNAzyme selection, conducted in Gerald Joyce’s laboratory in 2 

1994, led to the isolation of an RNA-cleaving DNAzyme that cleaves a single RNA 3 

linkage embedded in a DNA sequence in the presence of Pb2+ (see figure 1-8D).19 4 

This DNAzyme, termed GR5, cleaves the RNA unit via transesterification (Figure 5 

1-9), and exhibited high specificity towards Pb2+ over other metal ions and has a 6 

cleavage rate of 1 min−1, allowing for a rate enhancement of 105-fold over the 7 

uncatalyzed reaction. The uncatalyzed hydrolysis occurs through attack by water 8 

on the phosphodiester backbone, while transesterification involves a nucleophilic 9 

attack by the 2’ OH of ribose sugar of RNA (Figure 1-9).  10 

                11 

Figure 1-9. Hydrolytic cleavage and transesterification mechanisms compared. 12 

 13 

Another Pb2+-utilizing DNAzyme, known as 8-17 DNAzyme (Figure 1-8E), 14 

is one of the most studied DNAzymes.40 The same DNAzyme motif has been 15 

independently selected under a variety of conditions by several research groups; 16 

a phenomenon attributed to its high catalytic rate, its small catalytic core, and its 17 

high tolerance to nucleotide mutations. Sequence variants of 8–17 are capable of 18 
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using different metal-ion cofactors, such as Mg2+, Ca2+, Mn2+, and Zn2+.41,42 A 1 

crystal structure of this DNAzyme is shown in Figure 1-8F.39 DNAzymes, made of 2 

a substrate strand and a DNAzyme strand, typically have three main components 3 

in their secondary structures: two binding arms, and an enzymatic region (Figure 4 

1-10). DNAzymes, undergo selection with both components linked, to allow 5 

tracking of sequences able to perform cleavage (Figure 1-10; Figure 1-2C). In the 6 

typical arrangement, the substrate strand containing a single ribonucleotide 7 

amongst DNA bases hybridizes to the nucleic acid enzyme strand which holds the 8 

catalytic core of the DNAzyme (Figure 1-10). This region is thought to fold into a 9 

favorable position that facilitates cleavage upon the presence of the target and 10 

appropriate cofactors.  11 

     12 

Figure 1-10. DNAzyme components. 13 

Metal ions have been shown to play a critical role in the catalytic process 14 

and are constitutively required for the catalytic activity of most known DNAzymes. 15 

In the case of 8-17, the Pb2+ ion plays a role in facilitating catalysis of the 16 

transesterification reaction in an RNA-containing strand (Figure 1-11).  17 
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Figure 1-11 highlights a number of the ways a positively charged ion such 1 

as Pb2+ is thought to play a role in facilitating catalysis of the transesterification 2 

reaction in an RNA-containing strand.43  3 

 4 

Figure 1-11. Cleavage of an RNA linkage. Potential roles for metal ions in 5 

supporting catalysis by RNA-cleaving DNAzymes. Adapted with permission from 6 
43. 7 

 8 

Just as DNA aptamers have been shown to bind a variety of targets, 9 

DNAzymes have been engineered to respond to targets ranging from heavy metals 10 

to more complex biological targets such as proteins indicative of infectious 11 

disease.27,44 Most recently, our group successfully demonstrated that fluorescent 12 

RNA-cleaving DNAzymes can be derived to detect a specific bacterium, such as 13 

Escherichia coli and Clostridium difficile.45–47  14 

The powerful in vitro selection technique has enabled the isolation of 15 

DNAzymes with a broad array of catalytic functions beyond the ability to cleave 16 

an RNA-linkage; some additional examples are listed in Table 1-1. Since RNA-17 
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cleaving DNAzymes (RCDs) have been the most widely studied, our assessment 1 

of DNAzymes will remain focused on this class of DNAzymes.  2 

Table 1-1. Examples of DNAzyme-catalyzed reactions beyond RNA-cleavage. 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

1.4 Applications 17 

The rise in number of target-responsive FNAs isolated for their binding 18 

ability, and catalytic capabilities, has fueled the proliferation of a broad array of 19 

applications enabled by the unique properties of nucleic acids. Some of the recent 20 

applications of DNA-based FNAs include biomarker discovery,67 imaging,68,69 21 

drugs,70,71 drug delivery agents,72,73 and biosensing applications.44,74–76 This broad 22 

array of applications is a result of the versatility of FNAs, as they are capable of 23 

being responsive to a large range of targets, and are more stable than their protein 24 

counterparts. Further contributing to their versatility, is the existence of methods 25 

that enable them synthesized consistently and at low cost — both widely 26 

recognized challenges for antibodies.77 Lastly, the lack of need for cold-storage, 27 

Reaction catalyzed Reference 

DNA cleavage (oxidative) 48–50 

DNA cleavage (hydrolytic) 51–53 

Phophoramidate bond cleavage  54 

RNA ligation 55–57 

DNA ligation  58,59 

DNA phosphorylation 60 

Nucleopeptide linkage formation  61 

DNA adenylation 62 

DNA deglycosylation  63 

Diels-Alder reaction 64 

Phorphyrin metalation  65,66 
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not only furthers the lower cost for FNA-based applications, but it also enables 1 

production at large scale, thereby minimizing storage and distribution challenges 2 

that may otherwise hinder widespread use.  3 

Years after the seminal discoveries that fueled the continuously growing 4 

array of FNAs isolated in vitro, we are yet to see broad commercial use of FNAs in 5 

applications that benefit human health. The goal of my research was to tackle 6 

challenges that hinder the application of FNAs while growing the array of FNAs 7 

available for targets relevant to human health. The focus of this work will be 8 

biosensing applications of FNAs.  9 

1.5 Biosensing Applications of Functional Nucleic Acids 10 

The development of cost-effective, simple, sensitive, and selective 11 

biosensing platforms is essential for advancing our ability to detect biological 12 

targets relevant to human health, such as detecting drinking water toxins and 13 

biomarkers indicative of disease progression. Generally speaking, biosensors 14 

include two parts, a molecular recognition element (MRE) that is responsible for 15 

responding to a target of interest and a transducer element (TE) that converts the 16 

recognition activity into a measurable signal (Figure 1-12). FNAs, particularly DNA 17 

aptamers and DNAzymes, have been regarded as valuable recognition elements 18 

because they can be made to have strong recognition specificity and sensitivity. 19 

The coming section will detail some examples of widely used biosensors, and 20 

biosensing strategies, before highlighting a number of the challenges in the field, 21 
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in an effort to position the work detailed in this thesis which will largely focus on 1 

FNA-based biosensors.  2 

 3 
 4 

Figure 1-12. Schematic of a biosensor and its components. 5 

1.6 Biosensor Types 6 

To better contextualize the value of FNA-based biosensors amongst 7 

existing approaches, we can briefly consider some examples of commonly 8 

employed biosensing strategies, and then discuss some commercially available 9 

biosensors. Biosensors can be largely categorized based on their signal generation 10 

method, or their TE, as this is the parameter that limits the method with which the 11 

biosensing activity can be detected (Figure 1-13).  12 

 13 

Figure 1-13. Types of biosensors.  14 
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Signal generation methods most commonly include electrochemical, 1 

piezoelectric, and optical biosensing. Figure 1-14 lays an FNA-based biosensor 2 

from each, using a target-responsive aptamer.  3 

A 4 

 5 

B 6 

 7 
 8 

 9 

 10 

 11 

C  12    
 13 

 14 

 15 

 16 

 17 

 18 

Figure 1-14. Examples of FNA-based optical biosensors (A) Aptamer-based optical 19 

biosensor, using a fluorescent signaling strategy wherein a fluorophore-labeled 20 

aptamer is hybridized to a quencher-bearing complement, which is displaced upon 21 

target binding causing an increase of fluorescent signal.78 (B) Aptamer-based 22 

electrochemical sensor, wherein the binding of the aptamer causes the release of 23 

the electrochemical markers (green) from the aptamer, resulting in an 24 

electrochemical signal.79 (C) Acoustic sensor, wherein target binding induces a 25 

change in amplitude or velocity of an acoustic wave as it passes through the 26 

surface of piezoelectric materials (such as quartz) coated with an aptamer.80 27 

 28 

Examples of biosensors that will likely be tangible to all audiences are the 29 

blood glucose monitor and the pregnancy test. Blood glucose monitors are an 30 

example of electrochemical biosensing, and the classic pregnancy test is a lateral 31 

flow device that involves optical biosensing as the signal is generated through the 32 
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production of a color change on the test strip. No commercial examples of 1 

piezoelectric sensors are widely used, a fact likely attributable to the need for 2 

equipment. Optical biosensors ultimately require the least amount of equipment for 3 

signal detection, either through use of a handheld device or the unaided eye, and 4 

will therefore be the main focus of work detailed in this thesis. 5 

1.7 FNAs as MREs for Optical Biosensing 6 

Functional nucleic acids, particularly those made of DNA, make excellent 7 

MREs for biosensing for several reasons related to their chemical composition, 8 

including stability, ease of synthesis, low cost, and their ability to be combined into 9 

larger complex structures using simple chemical modification and natural 10 

hybridization of nucleic acid bases. DNA-based FNAs, such as DNA aptamers, and 11 

DNAzymes, are more stable than their RNA counterparts, owing to their lacking a 12 

2’OH capable of nucleophilic attack on the phosphodiester backbone. Thus, they 13 

are the focus of the work herein, and the bulk of biosensor development efforts.  14 

FNA sequences can be synthesized using solid-support chemistry, which 15 

can provide high yield products with minimal variability amongst batches, a key 16 

challenge for the synthesis of their protein counterparts. Furthermore, solid-support 17 

synthesis enables chemical modifications internally and at the termini with little 18 

added cost. The cost of DNA synthesis is low and continues to decrease as we 19 

see a growth in the genomics sector as a whole (Figure 1-15).81  20 
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 1 

Figure 1-15. The productivity of oligo synthesis and cost of oligos and genes. 2 

Adapted with permission from 81. 3 

 4 

Beyond its synthesis advantages, the natural hybridization ability of nucleic 5 

acid bases is an often-overlooked feature when comparing them to their protein 6 

counterparts, as the ability to connect two components through hybridization is a 7 

convenient property for assembling complexes of biomolecules capable of 8 

biosensing. When bridging of MRE and TE components is not feasible through 9 

hybridization, linkage of signal-generating molecules like fluorophores at the 10 

termini is possible during, or after chemical synthesis through commonly employed 11 

linkage strategies such as click chemistry. Alternatively, biological machinery such 12 

as a ligase can be used to attach a modification-containing oligomer to an FNA. 13 

1.7.1 Optical Signaling Strategies for MRE-Based Biosensors 14 

Most abundant approach for signal generation in MRE-based biosensors 15 

involves fluorophores and quenchers. The use of fluorophores for signal generation 16 
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is often coupled with a quenching molecule because quenchers can absorb energy 1 

from a fluorophore that has been excited by light. This is known as fluorescence 2 

resonance energy transfer, or FRET (Figure 1-16).  3 

 4 

Figure 1-16. Fluorescence resonance energy transfer. Schematic showing a 5 

fluorescent molecule (green) undergoing excitation by light, leading to the transfer 6 

of energy to a molecule that has an overlapping absorption spectrum (red). This 7 

results in radiative decay (light) or non-radiative decay (quenching).   8 

 9 

By coupling the target-responsive functions of aptamers and DNAzymes 10 

with appropriate positioning of fluorophore-quencher pairs, a target recognition 11 

event by an MRE (aptamer or DNAzyme) can be converted into an optical signal. 12 

For example, to convert aptamers into biosensors, a fluorophore and quencher pair 13 

can be positioned judiciously such that target binding leads to them changing their 14 

relative distance. If target binding causes separation of the F and Q, this is known 15 

as a “turn-on” sensor, as increases in distance decrease the quenching ability. The 16 

reverse is considered a “turn-off” sensor. A number of variations are possible, 17 

some of which are shown in Figure 1-17 for aptamers (Figure 1-17A) and 18 

DNAzymes (Figure 1-17B), all sharing the goal of maximizing the contrast in the 19 

signal generated in the presence of target compared to when it is absent. The 20 

contrast between these two states defines the sensitivity of a biosensor.   21 

 22 
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A      B 1 

 2 

Figure 1-17. FNA-based optical biosensing strategies that utilize fluorescence 3 

signaling, showing arrangements of aptamers (A) and RNA-cleaving DNAzymes 4 

(B) with an organic fluorophore and quencher pairs (i.e. FAM and DABCYL), and 5 

long-distance quenchers such as AuNPs and graphene. 6 

 7 

  8 

While organic fluorophores and quenchers such as FAM and DABCYL 9 

continue to be commonly employed, quantum dots can be superior fluorophores, 10 

and gold nanoparticles (AuNPs), graphene oxide, and carbon nanotubes have 11 

value as long-distance super quenchers, however, consistency in synthesis and 12 

loading capacity can be a challenge to overcome, thus our work focuses on organic 13 

F-Q pairs.  14 

Going beyond fluorogenic signal generation, colorimetric biosensors are 15 

also a popular option. Two widely used approaches utilize AuNPs, which produce 16 

color change upon clustering, and peroxidase-mimetic biomolecules, which 17 

produce a color change in the presence of peroxide and a reducing agent.  18 
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Beyond its use as a quencher nanoparticle in fluorescence-based 1 

biosensing applications, AuNPs have been utilized in a myriad of biosensing 2 

studies for colorimetric signal generation when coupled with FNAs.82–84 The chief 3 

design principle of these AuNP-based colorimetric sensing platforms is the control 4 

of colloidal AuNP dispersion and aggregation. The design of these systems relies 5 

on a balance between attractive and repulsive forces, which can be affected by the 6 

incorporation of target-responsive FNAs. The strategy of controlling colloidal 7 

dispersion and aggregation of AuNP using the target-responsive behaviors of 8 

aptamers,85–90 and DNAzymes,91–94 has generated many FNA-based colorimetric 9 

biosensors. For example, AuNP-linked DNA can be hybridized to an aptamer, and 10 

the resulting AuNPs with dsDNA are stabilized forming a red color, until the 11 

presence of target displaces the aptamer, diminishing the shielding and causing 12 

aggregation which results in a blue color.89 For an example of a DNAzyme-based 13 

colorimetric biosensor which exploits this property, we can consider the complex 14 

shown in Figure 1-18A, wherein the DNAzymes are hybridized to DNA-modified 15 

AuNPs thereby producing a blue color in the absence of the target, as the AuNPs 16 

remain in an aggregated state. Upon target-induced cleavage, for example in the 17 

presence of Pb2+, releases the AuNPs held together by opposing ends of the 18 

DNAzyme complex thereby producing a red signal (Figure 1-18A).91  19 

The examples of FNA-based biosensors detailed thus far all employ an FNA 20 

as the MRE component, however, the use of an FNA as the TE is also possible. 21 

This usually involves the use of a peroxidase-mimetic DNAzyme. Like horseradish 22 
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peroxidase, this DNAzyme is valued for its ability to oxidize a chemical compound 1 

that has different absorbance properties in its oxidized state. The DNAzyme is a 2 

G-quadruplex that could employ hemin to mimic the peroxidase activity,95 and 3 

selectively catalyze the oxidation of 2,2-azino-bis-(3-ethylben-zthiazoline-6-4 

sulfonic acid)  (ABTS) by H2O2.96 The reaction product ABTS•+ has a blue-green 5 

color with a maximum absorption wavelength of 415 nm. This DNAzyme can be 6 

coupled with various MREs to produce colorimetric biosensors, one such example 7 

is shown in Figure 1-18B.97 Upon target-induced cleavage of the substrate, a 8 

fragment of the cleaved substrate (black) is combined with a large fragment of a 9 

peroxidase DNAzyme (blue) and hemin (red circle); together they form an active 10 

G-quadruplex DNAzyme with peroxidase-mimetic activity. The active DNAzyme is 11 

then able to oxidize ABTS to produce a color change. Without target-induced 12 

cleavage, the fragment of the substrate is not released and is therefore unavailable 13 

for assembly of the signal generating peroxidase (Figure 1-18B).    14 

Having discussed some examples of FNA-based biosensors, the next 15 

section looks to contextualize my intended contribution to the field and lay out the 16 

outline of this thesis.  17 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

25 
 

A                  B 1 

Figure 1-18. FNA-based optical biosensing strategies that utilize colorimetric 2 

signaling. (A) DNAzyme-based colorimetric strategy using AuNPs, which remain 3 

aggregated in the absence of target maintaining a blue color, and are 4 

disassembled after cleavage, leading to a red color. Adapted with permission from 5 
91. (B) A DNAzyme-based colorimetric biosensing strategy. A portion of the cleaved 6 

strand (black) is combined with a peroxidase DNAzyme and hemin to produce a 7 

color change through the reduction of ABTS. Adapted with permission from 97 8 

1.8  Thesis Objective and Outline 9 

The goal of my work has been to advance our understanding of key 10 

determinants in FNA-based biosensors, thus my thesis highlights some of my 11 

efforts to accomplish this through multiple areas of contribution, including 12 

expanding existing biosensing platforms, optimizing synthesis and purification of 13 

color-generating protein-oligonucleotide chimeras, and growing the repertoire of 14 

FNAs for important biomarkers.  15 

A notable array of sensitive and specific aptamers and catalytic nucleic acid 16 

molecules have been isolated in test tubes following the development of an in vitro 17 

approach that allowed isolation of functional nucleic acid species previously found 18 

in nature. The projects I have advanced include both FNAs that have catalytic 19 

functions, known as DNAzymes, and ones which can perform target binding, 20 
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termed aptamers. My efforts have centered on a particular class of each, focusing 1 

on DNAzymes capable of performing RNA cleavage, known as RNA-cleaving 2 

DNAzymes, and aptamers made of DNA. The efforts detailed herein aim to 3 

advance the capacities of FNA-based biosensors and their FNA components which 4 

have been isolated for the detection of targets relevant to human health. I hope my 5 

work helps highlight the value of DNA aptamers and DNAzymes as components of 6 

modular biosensing platforms, and ultimately helps pullulate numerous biosensors 7 

which take advantage of the FNAs derived by in vitro selection. 8 

While DNA-based platforms have lower stability, cost, and scalability 9 

concerns that are well recognized, their modular nature is often overlooked as a 10 

key advantage compared to systems such as those which employ antibodies. 11 

DNA-based systems, have the unique advantage of being naturally modular, given 12 

their ability to form hydrogen bonds when a specific sequence is faced with its 13 

opposing series of nucleotides. Associations between such components require no 14 

complex reactions, and other biomolecules such as protein enzymes can be easily 15 

incorporated into such a modular system through the formation of a protein-DNA 16 

chimera. 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

Figure 1-19. Biosensor schematic contextualizing the focus of each chapter 25 
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The work described in the second chapter highlights the modular nature of 1 

FNA-based biosensors. With the aim to detect biologically relevant concentrations 2 

of an important target without the use of equipment, an RNA-cleaving DNAzyme 3 

capable of performing cleavage catalyzed by a common contaminant in drinking 4 

water was adapted to enable a target-induced colorimetric change. This was done 5 

using an equipment-free procedure involving magnetic separation of a color-6 

producing enzyme-linked to a DNA fragment that is released as a result of target-7 

induced cleavage. In this section, I detail the design and condition parameters that 8 

were found to be critical in adapting the RNA-cleaving DNAzyme’s target-9 

responsiveness into a colorimetric assay capable of detecting environmentally 10 

relevant concentrations of prominent drinking water contaminants. 11 

The third chapter is focused on the advancements in the synthesis and 12 

purification of the protein-oligonucleotide-conjugate responsible for producing a 13 

sensitive color-change. The efforts described focus on oligonucleotides conjugated 14 

to a pH-change-producing enzyme, which then enables the modular assembly of 15 

this chimeric molecule onto a functional nucleic acid such as an RNA-cleaving 16 

DNAzyme, simply through hydrogen bonding ability of DNA bases. 17 

The fourth chapter focuses on our efforts to characterize the existing 18 

repertoire of aptamers for vascular endothelial growth factor, and the penultimate 19 

chapter is an effort to advance the repertoire of DNA aptamers for this target by 20 

developing high-affinity aptamers through the use of selection and post-selection 21 

approaches. 22 
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Lastly, the final chapter looks to contextualize the value of the work 1 

presented herein, and highlights areas ripe for further study, in an effort to 2 

provide some thoughts on the future advancement of FNA-based biosensors.   3 

  4 
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Chapter 2: Assembly, Optimization, and Application of 1 

an FNA-based Colorimetric Biosensor 2 

2.1 Authors Preface  3 

 The first research project establishes some of the key determinants that 4 

enable the development of a sensitive and selective colorimetric biosensor and 5 

highlights key parameters that can be tuned during optimization efforts. 6 

At the beginning of this project, an existing DNAzyme, 39E,98 was 7 

characterized and adapted from a fluorogenic DNAzyme to a colorimetric 8 

biosensor. When I started this project, DNAzymes were highly underexplored for 9 

colorimetric biosensor development. This study provides a strategy for colorimetric 10 

sensing of an important contaminant found in water and shown to have a 11 

tremendous impact on human health. This is a biosensing strategy that is widely 12 

applicable to various RNA cleaving DNAzymes and sets the foundation for further 13 

expansion of the platform. This work is based on a system previously demonstrated 14 

by our group,99 where the DNAzyme component was specific to Escherichia coli 15 

(E. coli). This chapter has been published, and a modified version is presented for 16 

this thesis (see full citation below). I am the first author of this publication. I was 17 

mainly responsible for project design and performed all experiments and analyses. 18 

I wrote the manuscript with assistance from Dr. Yingfu Li. Supplementary 19 

information is found in Appendix A. 20 

 Manochehry, S., McConnell, E. M., Tram, K. Q., Macri, J., & Li, Y. (2018). 21 

Colorimetric Detection of Uranyl Using a Litmus Test. Frontiers in chemistry, 6, 22 

332. 23 
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2.2 Abstract 1 

Ingestion of water containing toxic contaminants above levels deemed safe 2 

for human consumption can occur unknowingly since numerous common 3 

contaminants in drinking water are colorless and odorless. Uranyl is particularly 4 

problematic as it has been found at dangerous levels in sources of drinking water. 5 

Detection of this heavy metal-ion species in drinking water currently requires 6 

sending a sample to a laboratory where trained personnel use equipment to 7 

perform the analysis and turn-around times can be long. A pH-responsive 8 

colorimetric biosensor was developed to enable detection of uranyl in water which 9 

coupled the uranyl-specific 39E DNAzyme as a recognition element, and an 10 

enzyme capable of producing a pH change as the reporter element. The rapid 11 

colorimetric assay presented herein can detect uranyl in lake and well water at 12 

concentrations relevant for environmental monitoring, as demonstrated by the 13 

detection of uranyl at levels below the limits set for drinking water by major 14 

regulatory agencies including the World Health Organization (30 µg/L). This simple 15 

and inexpensive DNAzyme-based assay enabled equipment-free visual detection 16 

of 15 µg/L uranyl, using both solution-based and paper-based pH-dependent 17 

visualization strategies.  18 

  19 
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2.3 Introduction 1 

 Numerous contaminants commonly found in drinking water can go 2 

undetected due to their lack of distinguishable appearance or taste. One such 3 

contaminant is the radioactive element uranium, a heavy metal which occurs most 4 

commonly in aqueous solutions as the uranyl dication, UO2
2+.100–102 Exposure to 5 

uranyl can result in negative health effects, due to both the element’s chemical 6 

toxicity and its radioactive properties. Examples of these negative effects include: 7 

acute kidney failure,103,104, developmental disabilities,105,106, reproductive 8 

disabilities,105,107, and DNA damage.108 9 

 A particularly dangerous source of exposure to uranium is 10 

contaminated drinking water, consumption of which exposes the cells of the human 11 

body to alpha and gamma emissions at a very short proximity.101 Major sources of 12 

uranium in ground water include leachate from natural deposits,109 mill tailings,110 13 

emissions from the nuclear industry, 111 and combustion products from fossil 14 

fuels.112 As with other heavy metal contaminants such as lead, the substantial 15 

health risks associated with uranyl ingestion have prompted governmental 16 

agencies, such as Canada’s Federal-Provincial-Territorial Committee on Drinking 17 

Water (CDW), the United States Environmental Protection Agency (EPA) and the 18 

World Health Organization (WHO), to recommend periodic testing of private wells. 19 

This testing is pertinent since these regulatory bodies do not monitor the water from 20 

private wells. When the onus falls on private well owners with limited resources, 21 
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contaminants can go unnoticed at levels above those determined safe for human 1 

consumption by regulatory guidelines.100,113–115  2 

Traditional approaches to detection of uranyl have utilized various physical 3 

and chemical techniques, including solid fluorimetry,116 inductively coupled 4 

plasma-mass spectrometry,117 inductively coupled plasma-atomic emission 5 

spectrometry,118 radio spectrometry,119 stripping voltammetry,120 atomic 6 

adsorption spectrometry,121 and phosphorimetry.122,123 The most commonly used 7 

method for the detection of uranyl in water is solid fluorimetry,116 a method which 8 

requires tedious sample preparation, and can be complicated by interference from 9 

other metals. Another common method is inductively coupled plasma mass 10 

spectrometry.117 Both methods must be performed in a specialized laboratory by 11 

highly trained personnel, have long turn-around times, and are expensive. These 12 

factors can be a significant barrier to maintaining safe drinking water.  Globally, 13 

millions of people rely on ground water as their drinking supply, therefore, there is 14 

a direct need for the development of a simple, quick, and reliable method of testing 15 

water sources for this dangerous contaminant. One strategy for the detection of 16 

environmental contaminants is the development of sensors based on RNA-17 

cleaving DNAzymes (RCDs). RCDs are synthetic single-stranded DNA molecules 18 

that are selected in vitro, from a random-sequence DNA pool, to perform catalytic 19 

cleavage of a phosphodiester bond in an RNA-containing sequence.19 For 20 

example, diverse RCDs have been derived to catalyze the cleavage of the 21 

phosphodiester bond at the location of the lone ribonucleotide embedded in a DNA 22 
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chain.24,44,75,124–126 Many of the reported RCDs are specially engineered such that 1 

their catalytic activity is dependent on another specific molecule, and therefore, 2 

these RCDs can be used as the recognition element for the design of a target-3 

specific biosensor.45,98,99,125 One such example is 39E, a uranyl-specific RCD 4 

derived by the Lu group in 2007.98 This DNAzyme exhibited a limit of detection of 5 

11 parts per trillion (45 pM), and greater than 1 million-fold selectivity over many 6 

other metal ions.98 The DNAzyme’s sensitivity and selectivity rivals the detection 7 

capabilities of the more commonly used analytical instruments. Since its isolation, 8 

the 39E DNAzyme has been used in a broad array of biosensing strategies where 9 

the generated signal was measured using fluorescence,98,127–131 10 

electrochemistry,132–135 resonance light scattering,136 and surface-enhanced 11 

Raman spectroscopy.137 Furthermore, 39E has been utilized for imaging of uranyl 12 

in live cells,138 and has been coupled to a contrast agent for magnetic resonance 13 

imaging.139 39E has also been used in a variety of colorimetric detection assays, 14 

which employed both enzymatic (e.g. peroxidase) and non-enzymatic (e.g. gold 15 

nanoparticle (AuNP)) signal generation methods.93,94,140–144 These enzymatic 16 

approaches utilize peroxidase, or peroxidase-mimetic components, while the non-17 

enzymatic AuNP-based signal generation strategies largely rely on aggregation-18 

dependent differences in AuNP absorbance to produce a visible signal. By utilizing 19 

the powerful 39E DNAzyme, detection of uranyl in complex samples such as river 20 

water has been previously demonstrated using a colorimetric signal generation 21 

approach that relies on horseradish peroxidase (HRP)-assisted catalytic oxidation 22 
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of 3,3′,5,5′ tetramethylbenzidine (TMB) to produce a change from clear to blue.140–1 

142 2 

We report a colorimetric detection method based on the 39E DNAzyme and 3 

the classic litmus test. The resulting biosensor, shown schematically in Figure 2-1, 4 

is simple and modular, as it is composed of a DNAzyme which detects the target, 5 

and a pH-increasing enzyme which indirectly produces an optical signal that can 6 

be visualized using litmus dyes or litmus paper. The litmus test for pH is a well-7 

established colorimetric sensor that has been widely used for many years, and as 8 

a result, reagents like litmus dyes and pH paper are inexpensive, commercially 9 

available, easy to use, and easy to interpret. These factors are critical to the 10 

effectiveness of a biosensor; thus, it is important to further the research into 11 

colorimetric approaches that take advantage of the litmus test in applications where 12 

on-site biosensing may be valuable.  13 

This work is based on a system previously demonstrated by our group,99 14 

where the DNAzyme component was specific to Escherichia coli (E. coli). In this 15 

system, the DNAzyme (39E, green) was hybridized to its substrate (S1, pink). This 16 

complex was immobilized on the surface of a magnetic bead (MB) through the 5′-17 

end of the substrate molecule. Importantly, a complementary oligonucleotide-18 

urease conjugate (UrDNA, purple) was hybridized to the 3′-end of the substrate 19 

molecule. Here the DNAzyme responsible for detecting uranyl and the enzyme that 20 

facilitates the conversion of this recognition event into a visible signal interact non-21 

covalently through hybridization of the complementary components. Following 22 
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uranyl-induced cleavage of the substrate, the supernatant containing the cleaved 1 

portion which remained hybridized with UrDNA was transferred to another tube in 2 

which urea and phenol red (a pH indicator) were added. The urease enzyme 3 

catalyzed the hydrolysis of urea, yielding carbon dioxide and ammonia. This 4 

anhydrous ammonia (NH3) readily reacts with water to produce free ammonium 5 

ions (NH4
+) and hydroxide ions (OH-). The resultant increase in solution pH was 6 

indicated by the vibrant color change of the phenol red 145–147. The inspiration for 7 

this sensor came from the inexpensive and commonly employed litmus assay. 8 

Coupling a molecular cleavage event to a change in solution pH allowed for highly 9 

sensitive colorimetric detection using reagents that are commercially available and 10 

inexpensive (e.g. urease, phenol red, pH paper).  11 

Though this colorimetric DNAzyme-based biosensing approach is simple 12 

and transferable to numerous DNAzymes, the E. coli DNAzyme is the only example 13 

that has been demonstrated to date. We chose to examine the uranyl DNAzyme, 14 

39E, in an effort to develop a biosensor capable of detecting this important drinking 15 

water contaminant in well water and lake water. Considering the importance of 16 

monitoring levels of this toxic heavy metal in drinking water, we set out to 17 

demonstrate the equipment-free colorimetric biosensing of uranyl at levels below 18 

regulatory limits set by Canada, the US, and the WHO, both in solution using 19 

phenol red, and by using commercially available pH paper. 20 
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2.4 Results and Discussion 1 

2.4.1 Design of the 39E and Urease Conjugate (39E-UrDNA) 2 

 The 39E-UrDNA system employs an enzyme-based signal generation 3 

strategy. In this simple test, the water sample was added to a solution of magnetic 4 

beads with surface immobilized 39E-UrDNA. After a brief incubation period, the 5 

tube was placed adjacent to a magnet, and the solution containing the product of 6 

the uranyl-induced cleavage reaction by the 39E DNAzyme was transferred into a 7 

new microcentrifuge tube. This second tube contained the necessary reagents for 8 

the litmus reaction (urea and phenol red), thereby enabling visualization of the 9 

urease-catalyzed hydrolysis of urea. In the absence of uranyl-induced cleavage, 10 

the UrDNA component remained attached to the magnetic bead, which could be 11 

observed by a lack of change in pH as indicated by phenol red.  12 

 13 

Figure 2-1. 39E-based colorimetric detection of uranyl. (A) Schematic of the 14 

39E/urease construct with covalently linked biotin placed at the 5′ of the substrate 15 

S1 complexed with streptavidin coated magnetic beads, indicated by MB, and 16 
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urease-linked DNA shown as UrDNA. (B) Sequences of 39E-UrDNA system, 1 

composed of urease-linked DNA (UrDNA), uranyl-specific DNAzyme (39E), 2 

substrate (S1) with R indicating adenine ribonucleotide junction cleaved by the 3 

DNAzyme. 4 

2.4.2 Assessment of Cleavage Activity of 39E with Fluorophore-5 

labeled Substrate 6 

In an effort to develop a biosensor capable of rapid detection of uranyl, initial 7 

investigations focused on the percentage of observed cleavage as a function of 8 

time (Figure 2-2A). Since cleavage led to release of the 3′ portion of the substrate, 9 

we were able to assess cleavage efficiency by using a substrate sequence with a 10 

covalently linked 5′ terminal fluorophore (6-FAM) to track cleavage. The FAM-11 

labeled fragment of the cleaved substrate migrates faster than the uncleaved 12 

substrate on denaturing polyacrylamide gel electrophoresis (dPAGE) (Figure 2-2A) 13 

and therefore uranyl-induced cleavage was observed. The cleavage reaction was 14 

quenched after time points ranging from 30 seconds to 60 minutes. Increasing 15 

percent cleavage was observed with increasing time, however the reaction 16 

reached a plateau at approximately 5 minutes, thus this was set as the incubation 17 

time (Figure 2-2B). 18 
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 1 

Figure 2-2. DNAzyme sensitivity and specificity. (A) Cleavage pattern showing 2 

uncleaved and cleaved bands following dPAGE of samples following uranyl-3 

induced cleavage for varying times at 15 µg/L, with two replicates shown for each 4 

time point. (B) Time-course of uranyl-induced cleavage. (C) Comparing cleavage 5 

after 5-minute incubation with 15 µg/L uranyl, alongside 10 µg/L lead ions, 6 µg/L 6 

mercury ions, and 200 µg/L magnesium ions. 7 

2.4.3 Specificity of the 39E-UrDNA Complex 8 

The extension of the terminal ends of the substrate, which hybridizes with 9 

the DNAzyme to form the two duplex regions flanking the cleavage site DNAzyme-10 

substrate complex (Figure 2-1), could potentially alter the specificity of the active 11 

DNAzyme domain. Therefore, we set out to determine if the specificity of the 39E-12 

UrDNA system was affected by evaluating the modified DNAzyme’s specificity to 13 

Pb2+, Hg2+, and Mg2+, which were chosen to represent potential common metal ion 14 

interferents. Polyacrylamide gel electrophoresis was used to assess the cleavage 15 

activity of 39E-UrDNA in the presence of these metals (Figure 2-2C). After 5 16 

minutes, the percent cleavage of the 39E-UrDNA was 80.9 ± 1.5%, whereas the 17 

percent cleavage of Hg2+, Pb2+ and Mg2+ were each no higher than background. 18 

Uncleaved 

Cleaved 
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The percent cleavage and specificity observed were consistent with the specificity 1 

demonstrated by the 39E DNAzyme as originally assessed by Liu et al. (2007).  2 

It should be noted that the 39E DNAzyme, initially isolated by Liu et al. 3 

(2007), has been characterized extensively.98,148,149 In their initial efforts, Liu et al. 4 

demonstrated the sensitivity of 39E by comparing its ability to generate a cleavage-5 

induced increase in fluorescence in the presence of many competing metal ions.98 6 

Brown et al. further characterized 39E by detailing its biochemical properties such 7 

as its pH dependent responsiveness, and identifying the conserved sequence 8 

required for catalysis.148 Higher resolution details of the binding regions of uranyl 9 

were later obtained by Cepeda-Plaza et al. (2013), using a uranyl-dependent 10 

photocleavage strategy to perform DNA foot-printing of the sequence.149 Such 11 

detailed characterization studies were useful to us in the design of our biosensor 12 

which involved the coupling of additional components to existing DNAzymes, as 13 

they help establish regions which should not be altered in these designs.  14 

2.4.4 Colorimetric Detection of Uranyl in Water Using the Modified 15 

Litmus Test 16 

Following incubation with varying concentrations of uranyl ions, the UrDNA 17 

released into the solution due to uranyl-induced cleavage was isolated by addition 18 

of 150 μL ddH2O to the suspension, followed by separation of the supernatant from 19 

the magnetic beads using a magnetic rack. 20 μL of supernatant was transferred 20 

to another microcentrifuge tube, combined with 2.5 μL of 0.04% phenol red, and 21 

25 μL of the urea substrate solution. Following a 5-minute incubation with samples 22 
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containing varying concentrations of uranyl, a vivid color change was evident within 1 

30 minutes for samples containing 1.5, 10, 15 µg/L uranyl. Importantly, this vivid 2 

change is observable within 10 minutes for detection of 10 and 15 µg/L, which 3 

correspond to half the regulatory limits (Figure 2-3A). The distinction between 4 

samples was evident at earlier time points if assessments were made using UV-5 

visible spectroscopy to measure the absorbance at 557 nm (Figure 2-3B).  6 

  7 

Figure 2-3. DNAzyme-induced colorimetric uranyl detection assay, using visual 8 

and spectrophotometer-assisted signal detection. (A) Colorimetric change for 9 

samples incubated with 0, 1.5, 10, and 15 μg/L uranyl, shown at 0–30 min. 10 

(B)Absorbance at 557 nm for 0, 1.5, 10, and 15 μg/L uranyl, over a 30 min period. 11 

 12 

The initial response was linear, the signaling rate versus the concentration 13 

of uranyl was then plotted as Figure 2-4 to obtain the limited of detection (LOD). 14 

By this method, the LOD was determined to be 0.052 µg/L (or 52 parts-per-trillion) 15 
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based on the 3 principle. However, spectrophotometry is not necessary for field 1 

applications of this biosensor as the color change produced by uranyl is 2 

distinguishable to the unaided eye after 10 minutes, at concentrations below the 3 

levels deemed safe for human consumption (Figure 2-3A).  4 

 5 

Figure 2-4. Initial signal rate as a function of uranyl concentration. The rate of 6 

increase in absorbance at 557 nm during the initial linear range at various uranyl 7 

concentrations is plotted as a function of the uranyl concentration in μg/L. 8 

2.4.5 Detection of Uranyl in Environmental Water Samples Using the 9 

39E-UrDNA 10 

To test the potential application of this assay in environmental monitoring of 11 

water samples, we assessed the functionality of the 39E-UrDNA in response to 12 

uranyl spiked well water and lake water (Figure 2-5A). In this assay, distilled water 13 

(control), well water, and lake water were spiked with 15 µg/L uranyl. In each case, 14 

a vibrant color change from yellow to purple was observed all the samples 15 

containing 15 µg/L uranyl, while controls produced no discernable color change. 16 

The results in Figure 2-5A indicate that our sensing system can function without 17 

any hindrance in the presence of other contaminants found in environmental water 18 

samples, thereby presenting a viable alternative for use in the field and at home. 19 
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Trace element analysis was performed on filtered and unfiltered samples of both 1 

lake and well water, with the results showing no detectable uranium and no 2 

differences between its detectable levels in unfiltered and filtered conditions 3 

(Supplementary Table S2-1). The levels of a series of other elements were 4 

assessed to demonstrate the robustness of this assay in their presence 5 

(Supplementary Table S2-1). While each complex matrix presents unique 6 

challenges, the trend observed herein aligns with previous results from our group 7 

for bacterial testing.99 To date we have demonstrated that this DNAzyme-based 8 

colorimetric biosensing approach produces a comparable response in both simple 9 

and complex matrices for targets differing in complexity from bacterial biomarkers 10 

to a metal ion target assessed herein.  11 

    12 
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Figure 2-5. Colorimetric detection of uranyl in environmental water samples, using 1 

39E-UrDNA. (A) Comparing the system at 0 and 15 μg/L uranyl, in distilled water, 2 

well water, and lake water at 0, 2, 5, 10, and 15 min. (B) Color change visualized 3 

using pH paper strips at 0 and 15 min, in well water samples spiked with 15 μg/L 4 

uranyl compared to a 0 μg/L control. 5 

2.4.6 Paper-based Detection of Uranyl in Spiked Well Water Samples 6 

The sensor response was also investigated using a paper platform as was 7 

described for the E. coli sensing DNAzyme-UrDNA system 99. UrDNA-based 8 

colorimetric biosensors investigated thus far all involve three general steps: 9 

cleavage by DNAzyme, hydrolysis by urease, and color change by pH indicator. In 10 

the solution-based approach, the final two steps occur in the same tube, as the 11 

phenol red is mixed with the urea solution. However, in the paper-based method, 12 

these steps are separated. Urease is allowed to hydrolyze urea in the absence of 13 

indicator dye in a brief incubation, prior to deposition on the pH paper. Whereas 14 

the color change of the indicator dye in the solution-based method is observable 15 

over the entire incubation period, in the paper-based method, the pH is measured 16 

after an incubation period of 15 minutes. As a result, we were able to demonstrate 17 

a simple paper-based alternative to the in-solution litmus assay presented using 18 

pH indicator dye (Figure 2-5B). In this assay, following uranyl-induced cleavage, 19 

the isolated supernatant was combined with the substrate solution containing urea, 20 

and allowed to incubate. After 15 minutes, the aliquot removed produced a distinct 21 

color change from yellow to green in the presence of 15 µg/L uranyl, while no color 22 

change was observed in the control (0 µg/L uranyl). Additional time-points and 23 
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lower concentrations were also compared, as shown in Supplementary Figure S2-1 

1.  2 

Thus, we have demonstrated both solution-based and paper-based 3 

visualization strategies as viable approaches for monitoring the change in pH which 4 

occurs in the substrate solution following urease-catalyzed hydrolysis of urea.   5 

2.4.7 Advantages of the System and Future Improvements 6 

One significant advantage of the featured approach is its simplicity, as it 7 

does not require either complicated equipment or highly trained personnel to 8 

conduct the test. This simplicity makes it suitable as a field test. Another key 9 

advantage is the modularity of the design, which allows for easy reconfiguration of 10 

the system into a new biosensor for detection of a different target with the use of a 11 

new DNAzyme that recognizes this target. In fact, many RNA-cleaving DNAzymes 12 

have been derived to specifically recognize diverse metal ions,125, such as 13 

Pb2+,19,40 Zn2+,150,151 Mg2+,40,152 Ca2+,153,154 Na+,155 Hg2+,156 Cd2+,157 Cr3+,144 14 

Ln3+,158–160 Ce3+,161 and Ag+.162 In theory, the design featured in this study can be 15 

reconfigured for these DNAzymes and any other future RNA-cleaving DNAzyme 16 

to be derived for a target of interest. This can be done simply through inclusion of 17 

a complementary sequence that can hybridize UrDNA in the substrate of a chosen 18 

DNAzyme.  19 

A potential challenge for any simple biosensor to be used in a field test is to 20 

accommodate the variation in environmental temperature, which can vary 21 

significantly from region to region and season to season. Specifically for our test, 22 
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the change in environmental temperature is expected to have some effect on the 1 

test based on the fact that most DNAzymes are selected to function under the 2 

temperature around 22C,19,75,151,152,163 and that urease has an optimal functional 3 

temperature of 60C.164 However, urease and most DNAzymes are still fairly active 4 

in the common environmental temperature range of 10-40C.154,163–169 Although 5 

our experiments were performed at the controlled room temperature of 22C, we 6 

believe the test at other temperatures will produce comparable results. However, 7 

the speed of color change can be affected by the variation in environmental 8 

temperature, particularly when it is low, because both the DNAzyme and urease 9 

activities are lessened at the reduced temperature. Therefore, it is recommended 10 

that temperature-based calibration be carried out when the testing temperature 11 

significantly derivates from 22C.  12 

Another challenge associated with any biosensor that uses labile biological 13 

macromolecules as recognition elements is the loss of activity of such elements 14 

during the storage of the testing reagents. The use of urease and nucleic acids in 15 

the biosensor system makes this a relevant challenge. However, recently 16 

demonstrated methods that can stabilize proteins 170,171 and nucleic acids 17 

(including RNA-cleaving DNAzymes) 172 through the use of a natural 18 

polysaccharide known as pullulan have been reported. The same approach can be 19 

used to solve the issue of reagent stability in our system. 20 

A further improvement on our biosensor system is to enhance its operational 21 

simplicity by integrating the entire test into a simple device that can further simplify 22 
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the testing procedure. For example, it is certainly very desirable to engineer a 1 

paper-based lateral flow device that only requires the addition of a test sample 2 

without the need for sample filtration, magnetic separation in one test tube and 3 

subsequent litmus test in another test tube that are used in our current testing 4 

procedure. This may be achieved through the creation of a two test-zone lateral 5 

flow device with a reaction zone that permits target-mediated DNAzyme cleavage 6 

and detection zone that reports the urease activity after lateral flow. Engineering 7 

such a device constitutes a focus in our future research effort.   8 

2.5 Conclusions  9 

In this work, we describe a pH responsive biosensor that uses the 39E 10 

DNAzyme as a recognition element and urease as a mechanism to translate the 11 

cleavage event into a colorimetric response for the detection of uranyl in water. 12 

This simple and inexpensive assay enables detection of uranyl in environmental 13 

water samples at 15 µg/L in 20 minutes from start of the assay to finish. Since the 14 

change in color is concentration dependent, if higher concentrations of uranyl were 15 

present in environmental water samples, the test time would be significantly 16 

reduced. Additionally, the test can be further simplified by using commercially 17 

available pH paper which would decrease the number of reagents required. The 18 

presence of 15 µg/L uranyl in well water is indicated by a distinct color change of 19 

the pH paper from yellow to green, again with a complete assay time of 20 minutes. 20 

Both in solution and on paper, the concentration which can be detected is well 21 

below the maximum allowable concentrations set by regulatory bodies in Canada 22 
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(20 µg/L), the US (30 µg/L), and globally by the WHO (30 µg/L). Uranyl is 1 

investigated as a target analyte in this assay in part due to the existence of the well 2 

characterized, and highly specific 39E DNAzyme, however the simplicity of this 3 

litmus-like assay ensures that it can be easily adapted for use with other RCDs for 4 

the detection of other environmental contaminants. To this end, Table 2-1 shows 5 

a list of environmental contaminants, and Table 2-2 highlights a variety of RCDs 6 

that have been isolated to respond to different metal cofactors, some of which are 7 

found in the contaminants list, thereby presenting opportunities for future 8 

development. 9 

Table 2-1. Drinking water contaminants, along with maximum contaminant level 10 

(MCL) and known health risks and sources of contamination. Source: U.S. 11 

Environmental Protection Agency.173 12 

Contaminant MCL 
(mg/L) 

Health risks Contaminant source  

Arsenic  0.01 Skin damage, 
circulatory system 
problems, cancer risk 

Erosion of natural deposits; runoff 
from orchards and 
glass/electronics production 
wastes 

Barium  2 Increase in blood 
pressure 

Discharge of drilling wastes; 
discharge from metal refineries; 
erosion of natural deposits 

Cadmium 0.005 Kidney damage Corrosion of galvanized pipes; 
erosion of natural deposits; 
discharge from metal refineries; 
runoff from waste batteries/paints 

Chromium 0.1 Allergic dermatitis Discharge from steel/pulp mills; 
erosion of natural deposits 

Copper 1.3 Liver/kidney damage, 
gastrointestinal 
distress, 

Corrosion of household plumbing 
systems; erosion of natural 
deposits 

Lead  0.015 In children, causes 
impairment of physical 
and mental 
development.  

Corrosion of household plumbing 
systems; erosion of natural 
deposits 
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 1 

Table 2-2. Examples of metal ion cofactors for RCDs. 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

2.6 Materials and Methods 17 

Chemicals and Reagents. Oligonucleotides were purchased from IDT DNA 18 

Technologies (Coralville, IA, USA). The oligonucleotide component of UrDNA (5′-19 

Amino modifier C6-TTTTT TTGTG ATGCG TGCGT ATAAG AGACT TGCCC T-20 

In adults, kidney 
damage and high blood 
pressure 

Mercury   0.002 Kidney damage Erosion of natural deposits; 
discharge from refineries and 
factories; runoff from landfills and 
croplands 

Selenium 0.05 Hair and fingernail loss, 
numbness in 
extremities, circulatory 
system problems 

Discharge from petroleum 
refineries; erosion of natural 
deposits; discharge from mines 

Thallium  0.002 Hair loss, changes in 
blood, kidney, 
intestine, liver 
problems 

Leaching from ore-processing 
sites; discharge from 
electronics/glass/drug factories 

Metal Ion 
Cofactors 

Reference 

Pb2+ 19,174,175 

Co2+ 176,177 

Hg2+ 156,178 

Mn2+ 41 

Cu2+ 60 

Ca2+ 154 

Na2+ 155 

Cd2+ 178 

Zn2+ 150 

Nd2+ 158 

Ce2+ 159 

Mg2+ 40,179,180 
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3′), the DNAzyme 39E (5′-CACGT CCATC TCTGC AGTCG GGTAG TTAAA 1 

CCGAC CTTCA GACAT AGTGA GT-3′), and its modified substrate S1 (5′-Biotin-2 

TTTTT TTTTT TTACT CACTA TRGGA AGAGA TGGAC GTGTT TTTAG GGCAA 3 

GTCTC TAATA CGCAC GCATC ACA-3′; R = adenine ribonucleotide), were PAGE 4 

purified prior to use as previously described 99. BioMag Streptavidin, nuclease-free, 5 

magnetic beads were purchased from Bangs Laboratories (Fischers, IN, USA). 6 

Uranyl dilutions were prepared in 10 stock concentrations corresponding to half 7 

of the maximum acceptable concentration (MAC) specified by guidelines provided 8 

by the WHO in addition to that of federal regulatory agencies in the United States, 9 

and Canada. The WHO and US share a value of 30 µg/L, while the Canadian 10 

standard is set slightly lower, at 20 µg/L.100,114,115 Thus 100 and 150 µg/L stocks of 11 

uranyl were prepared, using uranyl acetate dihydrate from Ted Pella (Redding, CA, 12 

USA). Lead acetate and mercury chloride were used to prepare 10 stock with 13 

concentrations corresponding to MAC levels set by the WHO, at 100 and 60 µg/L, 14 

respectively.181 No MAC is set for magnesium therefore a 10 stock was prepared 15 

at 2000 µg/L. 16 

For paper-based tests, Hydrion MicroFine 5.5-8.0 pH paper was used, 17 

which was purchased from MicroEssential Laboratories (Brooklyn, NY, USA). All 18 

other components were purchased from Sigma Aldrich (Oakville, Canada).   19 

Distilled Milli-Q water was used for all experiments unless otherwise stated, 20 

from hereon referred to as ddH2O. Well water and lake water samples were spiked 21 

with uranyl to reach a final concentration of half the MAC specified by the WHO 22 
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and the United States’ EPA. Well water was obtained through a source from the 1 

Ontario Ground Water Association (OGWA), and lake water was obtained from 2 

Lake Ontario at the Niagara region. To prepare spiked environmental water 3 

samples for testing, raw lake water and well water samples were filtered using a 4 

sterile syringe and a 0.22-μm nitrocellulose filter, and uranyl was added to prepare 5 

corresponding 10 stocks. The inclusion of a filtration step was intended to remove 6 

potential large particles, such as sand, plant matter, bacteria, that may interfere 7 

with the test. Importantly, this operation did not alter the metal ion compositions 8 

and their concentrations by element analysis to be detailed below.  9 

Apparatus and Instruments. Routine electrolytes (Ca, Cl, K, HCO3, Mg, Na) 10 

were measured on the Abbott Architect ci16200 integrated diagnostic platform 11 

(Lake Bluff, Illinois, USA) according to manufacturer’s guidelines. Ion selective 12 

electrodes were used to measure Na, K, and Cl. Ca was measured using a 13 

colorimetric Arsenazo-III dye reaction while Mg and HCO3 were determined based 14 

on an enzymatic reaction utilizing isocitrate dehydrogenase and malate 15 

dehydrogenase respectively.  Tuning reagents and internal standards are from 16 

Agilent Technologies (Tokyo, Japan). All trace elements standards were 17 

purchased from Sigma Aldrich (Oakville, Canada). Trace element measurements 18 

were conducted using the Agilent 8800 triple-quadrupole ICP-MS instrument (ICP-19 

QQQ/Agilent Technologies, Tokyo, Japan) using a modification of a previously 20 

described protocol.182 Briefly, calibration standards and water samples were 21 

prepared by a 3-fold dilution in 0.5% NH4OH (wt) containing 2% (wt) isopropanol, 22 
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0.025% (wt) EDTA, 0.025% (wt) Triton X-100 as well as internal standards (Bi, Ge, 1 

In, Li, Lu, Rh, Sc and Tb) with an individual concentration of 420 μg/L. A total of 2 

seven calibration standards were prepared for trace element quantitation. Analysis 3 

was conducted using with either He, H, or O as a reaction gas and an integration 4 

time of 0.5 sec. 5 

Single-point absorbance readings were measured at 557 nm using a Varian 6 

Cary 100 spectrophotometer (Darmstadt, Germany), with 1 cm path length quartz 7 

cuvettes from BioBasic Inc. (Markham, Canada). Spectrophotometric 8 

measurements were used to determine the limit of detection (LOD), based on 9 

signal greater than three times of background variation. The linear range assessed 10 

for determination of LOD was set to correspond to less than 20% of maximal signal 11 

generated. Photographs of color changes were captured using a Canon 12 

PowerShot G11 digital camera (Tokyo, Japan), under manual configuration with 13 

100 ISO and macro activated. Photoshop version 15.0.0 was used to correct both 14 

white-balance and decrease brightness to -20 for all colorimetric photos. 15 

Assembly of the 39E and Urease Containing DNA Complex 39E-UrDNA. All 16 

tubes were pre-washed with binding buffer (0.5 M NaCl, 20 mM Tris-HCl, 1 mM 17 

MgCl2, 0.01% v/v Tween20, pH 8). 100 μL of streptavidin-coated magnetic beads 18 

were washed with 150 μL of binding buffer. The wash was removed using magnetic 19 

separation, and the beads were resuspended in 90 μL of binding buffer prior to 20 

addition of 10 μL of 20 μM biotinylated substrate S1. The suspension was 21 

incubated at room temperature for 30 minutes. The magnetic beads were then 22 
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washed twice with 150 μL of binding buffer and then resuspended in 170 μL of 1 

binding buffer. 30 μL of 20 μM of 39E was then added to the suspension, followed 2 

by heating at 65°C for 2 minutes and cooling to room temperature over 10 minutes. 3 

Then 20 pmol of urease linked DNA (UrDNA) synthesized in accordance with a 4 

previously published protocol was added and incubated at 37°C for 10 minutes.99 5 

The suspension was then allowed to cool for 15 minutes at room temperature 6 

before washing with 100 μL of binding buffer once, and then performing a second 7 

wash with reaction buffer (0.3 M NaCl, 5 mM MES, 0.01% v/v Tween 20), followed 8 

by resuspension in 100 μL of reaction buffer. 9 

DNAzyme-based Colorimetric Litmus Assay. 2.5 μL of 10 stocks of uranyl, 10 

at 15, 100, and 150 µg/L, were incubated with 22.5 μL of the aforementioned 11 

biosensor complex in reaction buffer at room temperature for up to 60 minutes. 12 

Minimum cleavage time was assessed using the protocol outlined by Tram et al 13 

(2014). When the reaction was complete, 150 μL of ddH2O were added to the 14 

suspension which was then placed on a magnetic rack to allow isolation of the 15 

supernatant. 20 μL of supernatant were transferred to another microcentrifuge 16 

tube, combined with 2.5 μL 0.04% phenol red, and 25 μL of urea substrate solution 17 

(2 M NaCl, 60 mM MgCl2, 50 mM urea, 0.1 mM acetic acid, pH 5.0). Similarly, for 18 

absorbance measurements using the spectrophotometer, 80 μL of supernatant 19 

was transferred to a quartz cuvette, combined with 10 μL of 0.04% phenol, and 20 

100 μL of the urea substrate solution. Curve fitting was performed using the four-21 

parameter sigmoid model on SigmaPlot 12.0 for Windows (Chicago, IL, USA). 22 
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Phenol red has previously been shown to be the optimal choice of indicator since 1 

it is vibrantly yellow at near neutral pH and transitions to bright purple at basic pH 2 

values above 8.2.99,183 This translates to a clear contrast between test and control 3 

samples that enables rapid visual determination of the presence of target. 4 

Paper-based Litmus Assay. Tests with pH paper used these same 5 

conditions as indicated above, with the exception that the solution did not contain 6 

phenol red. Instead, pH paper was used to visualize the pH-dependent colorimetric 7 

response. Following incubation with varying concentrations of uranyl, the magnetic 8 

beads were separated; 20 μL of the supernatant was transferred to another 9 

microcentrifuge tube, and combined with 25 μL of the urea substrate solution. 10 

Following the incubation in the urea solution, an aliquot was removed, deposited 11 

onto pH paper and incubated for 1 minute to allow for the pH paper to change color 12 

prior to photo capture.  13 

  14 
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Chapter 3: Synthesis and Purification of DNA-Urease 1 

Conjugates for Colorimetric Biosensing Applications 2 

3.1 Authors preface  3 

As mentioned earlier, biosensors depend upon the coupling of a molecular 4 

recognition element (MRE) which recognizes a target and a transduction element 5 

that converts this target-responsive behavior into a signal. The previous chapter 6 

detailed the coupling and application of the resulting biosensor made of an FNA 7 

and a protein-oligonucleotide conjugate. The value of the protein-oligonucleotide 8 

conjugate was two-fold, as it enabled signal production while being easily 9 

compatible with an FNA as its MRE, given its oligonucleotide component. When I 10 

started this project, the synthesis of this molecular chimera was returning lower 11 

than 2.5% yield, and the purification strategies we were employing left some 12 

unwanted biomolecules. In the work presented herein, I detail the optimization of 13 

the synthesis of a protein oligonucleotide conjugate and describe a capture-based 14 

purification strategy. I took the leading role for project design, and data analysis, 15 

and conducted all experiments for the advancement of the synthesis and 16 

purification approach detailed herein. The work herein resulted in this adapted 17 

method for synthesis of a protein-oligonucleotide being published in a manuscript 18 

in which I was the second author, and has also been provisionally patented. Due 19 

to thesis space restrictions, additional experimental details can be found online in 20 

the manuscript.  21 

Tram, K., Manochehry, S., Feng, Q., Chang, D., Salena, B. J., & Li, Y. 22 

(2016). Colorimetric detection of bacteria using litmus test. JoVE (Journal of 23 

Visualized Experiments), (115), e54546. 24 
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3.2 Abstract 1 

We have previously shown that a DNA-urease conjugate (DUC) can be 2 

used to set up a unique bacterial detection assay to take advantage of a bacterium-3 

responsive RNA-cleaving DNAzyme and the classic litmus test. The goal of this 4 

project was to establish an efficient method for obtaining a DUC with high yield and 5 

high purity. The coupling of DNA to urease was achieved through the use of 6 

succinimidyl 4-(N-maleimodomethyl) cyclohexane-1-carboxylate (SMCC) as a 7 

bifunctional crosslinker. An amine-modified DNA is first linked with the N-8 

hydroxysuccinimide moiety of SMCC, followed by a Michael addition of a free 9 

sulfhydryl group in urease to the maleimide moiety of the crosslinker. An optimal 10 

reaction condition was established that gave rise to a reaction yield of ~90%. 11 

Purification of DUC was accomplished first via binding of DUC to an affinity column 12 

containing a complementary oligonucleotide and then via the release of DUC by a 13 

competitive DNA oligonucleotide. This method led to highly pure DUC without 14 

adversely affecting the activity of urease. Herein we employ an enzyme which has 15 

applications for biosensing due to its ability to produce an optically detectable 16 

signal, however additional potential applications for DNA-protein conjugates 17 

beyond the realm of biosensors include pharmaceutical applications that utilize 18 

functional nucleic acids (e.g. aptamers) conjugated to therapeutic proteins for 19 

targeted delivery of their protein cargo component. 20 
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3.3 Introduction 1 

Miniaturization of technology is a persisting trend that has naturally led to 2 

an increased demand for portable devices capable of detecting important analytes 3 

of interest, a task usually performed by expensive and complex equipment or 4 

trained personnel. Biosensors represent a class of portable devices, which typically 5 

involve a molecular recognition element responsible for recognizing a target of 6 

interest, and a transducer that translates this recognition event into a signal.184 The 7 

multiple-turnover ability of enzymes makes them fit to serve as the transducer 8 

components in biosensors. Although various biosensors employing the use of 9 

enzymes have been developed in recent years, a class of biomolecules that have 10 

only recently been combined with enzymes for this purpose are functional nucleic 11 

acids (FNAs), nucleic acid polymers capable of ligand binding and/or cleavage. We 12 

have recently shown that urease can be used as a unique transducer to mediate 13 

pH increases to take advantage of the classic litmus test where a pH-sensitive dye 14 

can be used to colorimetrically monitor pH changes. The first assay was designed 15 

to detect Escherichia coli (E. coli),99 and used an RNA-cleaving DNAzyme that is 16 

specifically activated by E. coli.45 The second assay was designed to achieve the 17 

typing of certain epidemic strains of Clostridium difficile (C. difficile) through the 18 

use of polymerase chain reaction.185 Both of these assays can be extended for the 19 

detection of other bacterial pathogens through the use of different DNAzymes or 20 

DNA primers that target specific bacterial genes for amplification.   21 
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The aforementioned applications require highly pure DNA-urease 1 

conjugates (DUC). In an attempt to enable such future applications, we set out to 2 

enhance the synthetic protocol for the vital DUC component to ensure high yield 3 

and purity. As with any synthetic protocol, product loss in purification stages makes 4 

obtaining the highest yield achievable in synthesis stages vital for obtaining a highly 5 

concentrated DUC solution, prior to purification. Minimizing reagent costs in the 6 

synthesis of this DUC is important in one-day enabling its point-of-care biosensing 7 

applications. There exists additional rationale for prioritizing high yield during the 8 

synthesis of this DUC, this being the need for concentrated solutions of probes. 9 

Since most biochemical assays are performed in low volumes, thus it is critical to 10 

have a highly concentrated final product as low concentrations would necessitate 11 

the addition of larger volumes of DUC-solution that ultimately lowers the 12 

concentration of other components and decreases their interaction - thereby 13 

diminishing their chances of interacting to form a complete complex. Thus, the 14 

synthetic approach outlined herein aimed to achieve the highest possible yields 15 

and a highly concentrated final solution. 16 

The authors of this paper acknowledge that there exist several other 17 

synthetic protocols for making DUC molecules, most involving in-line solid-phase 18 

synthesis that requires synthesis of the oligonucleotide and polypeptide to occur 19 

on solid-support.186 Thus in-line synthesis is limited to amino acid sequences 20 

possessing chemical protecting moieties that are compatible with a variety of 21 

synthetic steps, such as deprotection of the oligonucleotides.187 The protocol 22 
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described herein is an alternative to in-line synthesis, known as fragment 1 

conjugation. Herein we present an optimized variant of the previously published 2 

protocol.99 Additionally, the newly developed capture-based purification method 3 

outlined herein can be utilized to eliminate excess unbound protein, thereby 4 

eliminating the need for initial washes when assembling an FNA-based biosensor 5 

device, ultimately broadening point-of-care biosensing applications of FNA-based 6 

colorimetric biosensors. Also worth noting is the superior yield achieved with this 7 

protocol compared to that which was previously published using the same 8 

heterobifunctional linker, which had achieved yields up to 50% with RP-HPLC 9 

purification and 30% with gel-based purification.188  10 

This heterobifunctional molecule, succinimidyl 4 -(N-maleimodomethyl) 11 

cyclohexane-1-carboxylate (SMCC), is a crosslinking reagent with a maleimide 12 

group on one side and an N-hydroxysuccinimide (NHS) on the other (Figure 3-1A). 13 

Amine modified DNA is first with the NHS ester moiety of the SMCC reagent to 14 

form a stable amide bond, followed by a Michael-type addition of a free sulfhydryl 15 

group of any cysteine residues in a peptide to the maleimide moiety (Figure 3-1B).  16 

A 17 

  18 

B 19 

 20 

 21 

  22 
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Figure 3-1.  Schematic of protein-oligonucleotide conjugate (A) Aminated 1 

oligonucleotide, heterobifunctional crosslinker, and enzyme with free cysteine (B) 2 

Schematic of the two-step assembly process  3 

 4 

Urease (U) was selected as a suitable enzyme for conjugation due to its 5 

ability to increase pH through catalytic breakdown of its substrate, as this pH 6 

change may be translated to a visible color change when combined with a pH 7 

indicator capable of performing in the optimal pH of both urease and its substrate.99 8 

Phenol red was determined to be most suitable, with the capability of producing a 9 

visible change from yellow to bright purple over pH range of 6.8 to 8.2 and was 10 

employed for a number of monitoring assays. 11 

 The enhancement in yield detailed herein was obtained through 12 

assessment of multiple parameters and was followed by the development of an 13 

optimized purification to enhance the on-site utility of the DUC in point-of-care 14 

applications. 15 

3.4 Results and Discussion 16 

Following the two-step conjugation, the tracking of DUC yield was achieved 17 

using gel shift assays (Figure 3-2), as previous investigators have outlined the 18 

barriers to performing MALDI- MS as a result of the requirement of different 19 

matrices for the peptide and oligonucleotide components.188 Comparison of 20 

samples before and after column-based separation of excess oligonucleotide-21 

based cross-linker demonstrated most linkage to be primarily on monomers at 22 
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approximately 90 kDa, with minimum aggregation following column-assisted 1 

concentration.  2 

A      B 3 

 4 

Figure 3-2.  (A) Coomassie stain showing location of urease. Lanes from left to 5 

right with visible lanes bolded, ladder, DNA, urease, DUC before column [DUC i], 6 

DUC after column [DUC f] (B) Fluorescence scan of SDS-PAGE gel FAM-labeled. 7 

 8 

Figure 3-3 shows synthesis yields under various parameter alterations that 9 

were performed in the optimization process, including temperature, oligonucleotide 10 

length, and the ratio of the linker to oligonucleotide. Each alteration led to further 11 

enhancement of yield, before combination of the best conditions in order to achieve 12 

the optimal yields reported below.   13 

Ladder      DNA  urease  DUC i             DUC f Ladder     DNA   urease    DUC i             DUC f 
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A      B 1 

C D                         2 

 3 

Figure 3-3. Assessment of key determinants in synthesis yield (A) Temperature (B) 4 

Linker:oligonucleotide (C) Oligonucleotide length, 10 bases vs 36 bases (D) Pre-5 

column, post column. 6 

 7 

The first stage of enhancement was achieved by altering the temperature at 8 

which step one of the reaction occurs. Recognizing the existence of a competing 9 

reaction which results in hydrolytic degradation of the NHS ester, we tested at both 10 

lower and higher temperatures, of 4 and 37 degrees Celsius in addition to room 11 

temperature (Figure 3-4A).  12 

Additional increases in yield were achieved by modifying the linker : 13 

oligonucleotide ratio, as previous authors have confirmed the need for linker to be 14 
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in excess but have not demonstrated ratios above 100:1.188 Further tests were 1 

performed to assess if variations length of the oligonucleotide sequence would lead 2 

to increased yield, however length proved to have no effect on conjugation.  3 

At this stage, a ratio of 350:1 was combined with incubation at 37 degrees 4 

Celsius with an extended incubation time of 90 minutes to produce above 70% 5 

yield in two replicates shown in Figure 3-3D.  6 

Following synthesis two stages of purification were performed. First, most 7 

uncoupled DNA was removed using a 50 kDa column to produce a solution 8 

containing the desired molecular chimera with above 90% purity.  9 

Next, a purification method involving hybridization of the oligonucleotide 10 

component of the DUC was employed for separation of any remaining uncoupled 11 

urease (Figure 3-4A).  Samples of linked and non-linked urease were run through 12 

the purification method and tested for ability to catalyze urea, thereby signaling the 13 

presence of urease. 14 

Figure 3-4B demonstrates a colorimetric assay performed to assess for the 15 

presence of enzyme following purification. When linked to oligomer a color change 16 

is visible, while the unlinked enzyme is washed off in the purification, thereby 17 

resulting in no observable color change. 18 

 19 
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 A      B 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

                                                  10 

Figure 3-4.  (A) Capture method for removal of uncoupled urease (B) Equivalent 11 

amounts of post purification urease [PPU] and post purification DUC [PPDUC] 12 

compared in colorimetric test assessing the presence of the enzyme. 13 

 14 

Additional tests were performed to assess the functionality of the enzyme 15 

following synthesis and purification. After quantification of equivalent amounts of 16 

enzyme and DUC, using a Bradford assay, a colorimetric assay was performed to 17 

demonstrate the functionality of the enzyme after DUC synthesis in comparison to 18 

its original form. 19 

Figure 3-5 demonstrates the color change observed using an equivalent 20 

amount of DUC and native urease enzyme signifying a lack of significant disruption 21 

of the enzyme’s catalytic integrity.  22 
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A      B 1 

           2 

 3 

Figure 3-5.  Comparing urease activity in purified and unpurified forms (A) 4 

Unpurified urease [UPU] average of triplicate (shown in green), compared to 5 

PPDUC (shown in blue) by absorbance at 560 nm corresponding to final color of 6 

phenol red pH indicator (B) Equivalent amounts of unpurified urease compared to 7 

post purification DUC. 8 

3.5 Conclusion 9 

Having highlighted our synthetic approach and purification strategies for 10 

development of this DUC molecular chimera, it is vital to mention the additional 11 

potential for incorporation of DUC molecular chimeras into DNAzyme-based 12 

detection systems thereby enabling point-of-care testing for important biological 13 

targets. 14 

Following the development of an in vitro method for derivation of FNAs,16,17 15 

and the development of RNA-cleaving DNAzymes (RCDs) in vitro,19 the past two 16 

and a half decades have seen the development of a myriad of RCD’s capable of 17 

performing cleavage triggered by a variety of important biological targets; and our 18 
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lab has contributed to this area in both bacteria-specific RCDs and those specific 1 

to cancer cell lines.45–47,189 2 

These RCDs commonly rely on a model involving fluorescence-based 3 

signal amplification, which ultimately requires the use of expensive equipment to 4 

be visualized. There exists vast potential for modification of existing RCD systems 5 

to allow incorporation of DUCs such as the one described herein, ultimately 6 

enabling their target recognition events to be converted to a visible colorimetric 7 

signal in the form of a vivid color change. This DUC is capable of being coupled 8 

with a variety of existing RCDs, with targets ranging from small molecules,155 to 9 

large proteins specific to important bacteria,45–47 and cancer cell lines.189,190  10 

POCs can be incorporated through two modifications to the substrate of the 11 

RCD: 1) biotinylation of the substrate. 2) addition of a region complementary to the 12 

oligonucleotide sequence of the DUC. Because of this adaptability, the authors of 13 

this paper found it vital to describe a more efficient and synthetic approach and 14 

purification strategy for obtaining high yield when producing DUCs, whether it be 15 

limited to urease or other enzymes. 16 

Furthermore, there is potential for the use of enzymes other than urease in 17 

the synthesis and purification approach described herein. Two model enzymes 18 

commonly employed in biochemical assays that show promise are luciferase and 19 

horseradish peroxidase. These enzymes could be used to convert cleavage 20 

performed by an RNA-cleaving DNAzyme to fluorescent and chemiluminescent 21 

respectively. It will be interesting to witness the multitude of DUC molecular 22 
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chimeras that come about following the availability of the high yield synthesis and 1 

purification approach provided herein. In addition to the coupling of DUC such as 2 

the one highlighted herein with RCDs, their applications are not limited to FNAs 3 

which can perform cleavage – as DUCs can also be coupled with aptamers in place 4 

of a fluorophore or quencher, directly linked to the aptamer or to its complementary 5 

strand in structure-switching designs. The growing list of aptamers for important 6 

biological targets can be coupled with this transducer to produce impactful 7 

biosensing systems.191–199    8 

Beyond biosensing applications, FNAs such as aptamers capable of 9 

recognizing membrane proteins can enable targeted delivery of protein cargos 10 

such as small protein toxins,200 and enzymes,201 due to the internalization of 11 

receptors following aptamer-binding. Therefore, the synthesis and purification 12 

strategies presented herein could be of benefit to applications of DUC molecular 13 

chimeras in both biosensing and therapeutics.  14 

3.6 Materials and Methods 15 

Reagents and Equipment. All DNA oligonucleotides were purchased from 16 

Integrated DNA Technologies (San Diego, CA, USA). Succinimidyl 4-(N-17 

maleimidomethyl) cyclohexane-1carboxylate (SMCC) was purchased from 18 

ThermoFisher Scientific (Waltham, MA, USA). Centrifugal filter columns were 19 

obtained from EMD Millipore (Billerica, MA, USA). Dimethyl sulfoxide (DMSO) was 20 

purchased from Caledon Laboratories (Georgetown, ON, Canada). Magnetic 21 

beads were purchased from Bangs Laboratories Inc (Fischers, IN, USA). All other 22 
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reagents were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). 1 

Centrifugation was performed using an Allegra X-22R refrigerated benchtop 2 

centrifuge from Beckman Coulter (Brea, CA, USA). Fluorescence scans were 3 

conducted using a Typhoon imaging system by GE (Boston, MA, USA). 4 

Absorbance measurements were made using an M1000 plate reader from Tecan 5 

(Mannedorf, Switzerland). Gel shift assays were conducted using SDS PAGE.  6 

Colorimetric urease tests were conducted as described previously.99 Reaction 7 

buffer at 2x concentration was prepared in 50 mL conical tube, by adding 100 μL 8 

of 1 M HEPES (pH 7.4), 3 mL of 5 M NaCl, 1.5 mL of 1 M MgCl2, and 10 μL of 9 

Tween 20, along with ddH2O to a final volume of 50 mL. The solution was mixed 10 

and filter into another conical tube using a syringe-driven filter (0.22 µm) and stored 11 

at 4 °C until use. 12 

Synthesis Step 1. Aminated oligonucleotide reaction with SMCC, a 13 

heterobifunctional cross-linker, was followed by ethanol precipitation to remove 14 

excess unreacted crosslinker. 10 μL of 100 μM 5’ C-6 amine and 3’ fluorescein-15 

labeled oligonucleotide, 100 μL of ddH2O, and 40 μL of 10× PBS, was added to a 16 

2 mL microcentrifuge tube, vortexed and placed at room temperature. 4.42 mM 17 

SMCC stock of was prepared in DMSO, with 1 mg in 676 μL. The SMCC in DMSO 18 

stock was added at varying volumes totaling up to 240 μL along with DMSO in a 19 

separate tube; a ratio of approximately 350 nmol SMCC to every 1 nmol of 20 

aminated oligonucleotide was found to be optimal, thus 80 μL 4.42mM SMCC stock 21 

was combined with 160 μL DMSO for remaining assays. Then the 240 μL SMCC 22 
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in DMSO solution was added to the aminated oligonucleotide solution in reaction 1 

buffer, and placed in a 37 °C incubator for 60 min. 200 µL of 1x PBS was added to 2 

decrease the organic solvent concentration before proceeding with an ethanol 3 

precipitation. 60 µL of 3 M NaOAc (pH 5.2), and 1.5 mL of cold 100% ethanol was 4 

added. The solution was mixed by vortexing briefly and incubated at -20 °C for 30 5 

min. Using a refrigerated centrifuge at 4 °C, the solution was centrifuged at 20,000 6 

x g for 20 min. The supernatant was then removed, and the pellet was dried under 7 

vacuum for 10-20 minutes to remove excess ethanol before proceeding to the next 8 

step.   9 

Synthesis Step 2: Cross-linker activated oligonucleotide reaction with 10 

protein. Immediately after drying the pellet containing the cross-linker-activated 11 

oligonucleotide, 400 µL 1 mg/mL Jack bean urease in 1x PBS without calcium and 12 

magnesium was added and allowed to incubate at room temperature for 5 hours 13 

to allow linkage to exposed sulfhydryl groups of urease. A 50 kDa column was 14 

washed and centrifuged for 1 min at 14,000 x g. 200 µL of the crude mixture of 15 

urease, DUC and excess cross-linked oligonucleotide was transferred to the pre-16 

washed column and centrifuged for 5 minutes at 14,000 x g. The remaining 200 µL 17 

was added to the column and centrifugation was repeated for 5 minutes at 14,000 18 

x g. The column was then placed inverted into a fresh 2 mL tube and centrifuged 19 

at 1000 x g for 2 minutes. The column was removed and 15 µL of 1x PBS was 20 

added to each wall of the column and repositioned inverted inside the column to 21 

remove remaining urease-linked DNA by centrifugation at 1000 x g for 2 minutes 22 
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once more. The column was then disposed and the volume of the crude mixture 1 

containing DUC and excess urease was measured and increased to 100 μL using 2 

1x PBS to standardize across tests, before being stored at 4°C while preparing 3 

beads for capture.  4 

Capture purification. The general design of the capture purification protocol 5 

is applicable oligonucleotides of varying length; however, it is likely that longer 6 

oligonucleotide sequences may form intramolecular hairpins that may prevent 7 

them from being able to capture the same proportion of DUC as shorter sequences 8 

where there are no competing structures preventing capture of DUC. 20 μL of 10 9 

μM biotinylated oligonucleotide that is double the length of the DNA portion of the 10 

DUC being purified is added to 200 µL streptavidin-coated magnetic bead, and 11 

incubated at room temperature for 1 hour. The beads are then washed with 200 µL 12 

reaction buffer two times, 100 μL 2x reaction buffer, and 10 µL crude mixture 13 

containing up to 10 µM DUC and excess urease is added with ddH2O up to 200 14 

μL. The solution is incubated at room temperature for 1 hour, the supernatant 15 

containing urease is removed and disposed, and the beads are washed with 200 16 

µL reaction buffer three times and resuspended in 100 μL 2x reaction buffer. 50 μL 17 

of 10 μM full complement to the biotinylated DNA is added to the beads with ddH2O 18 

up to 200 μL. The solution is then heated at 37 °C for 10 minutes and incubated at 19 

room temperature for 3 hours. The supernatant containing released DUC is then 20 

removed and stored at 4°C. The bead-bound duplex DNA can then be heated to 21 

95 °C for 5 minutes to dissociate the duplex and immediately placed on the 22 
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magnetic rack to isolate the supernatant containing the complement. Both 1 

components can then be reused to repeat the purification process for the 2 

remainder of the sample as necessary, as an alternative to scaling up the reagent 3 

volumes and increasing cost.  4 

  5 
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Chapter 4: Investigating Multiple Elements Impacting 1 

Affinities of Dimeric Aptamers for a Dimeric Protein 2 

4.1 Author’s Preface   3 

Considering the work discussed thus far, the first chapter covered my 4 

contribution to a colorimetric biosensing system, and chapter two highlighted the 5 

development of a more optimal synthesis and purification strategy for the TE of this 6 

biosensor. Thus, having established an understanding of the parameters that can 7 

drive the success of FNA-based biosensors, with a focus on the TE, I then set out 8 

to help expand the capabilities of FNA-based biosensors by choosing the right 9 

MRE. I decided to pursue detection of biomarkers where the eventual biosensor 10 

that developed from my work could have clinical utility, and considered several 11 

proteins indicative of cancer and its progression, with a focus on those found in the 12 

extracellular matrix given that such proteins could make their way into the urine in 13 

patients harboring cancers of the genitourinary system. Both proteinases and 14 

growth factors were considered, the existing aptamers were surveyed and 15 

characterized using electromobility shift assays, and multiple selections were 16 

carried out; the coming sections will be centered around my work on developing 17 

valuable aptamers for a vascular endothelial growth factor (VEGF). Chapter four 18 

focuses on our efforts to characterize the existing repertoire of DNA aptamers for 19 

VEGF, and the chapter that follows will look to address some of the limitations 20 

identified herein. This chapter has been accepted for publication, pending minor 21 

revisions, and a modified version is presented for this thesis (see full citation 22 

below). I am the first author of this publication. I was mainly responsible for project 23 
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design and performed all experiments and analyses. I wrote the manuscript with 1 

guidance from Dr. Yingfu Li. Supplementary information is found in Appendix B. 2 

Manochehry, S., McConnell, E. M., & Li, Y. (2019). Investigating Multiple 3 

Elements Impacting Affinities of Dimeric Aptamers for a Dimeric Protein. Scientific 4 

Reports (Accepted) 5 

  6 
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4.2 Abstract 1 

High-affinity aptamers can be derived de novo by stringent in vitro selection 2 

experiments or engineered post-selection via dimerization of selected aptamers. 3 

Using electrophoretic mobility shift assays, we studied a series of heterodimeric 4 

and homodimeric aptamers, constructed from two DNA aptamers with distinct 5 

primary sequences and secondary structures, previously isolated for VEGF-165, a 6 

homodimeric protein. We investigated four factors envisaged to impact the affinity 7 

of a dimeric aptamer to a dimeric protein: (1) length of the linker between two 8 

aptamer domains, (2) linking orientation, (3) binding-site compatibility of two 9 

component aptamers in a heterodimeric aptamer, and (4) steric acceptability of the 10 

two identical aptamers in a homodimeric aptamer. All heterodimeric aptamers for 11 

VEGF-165 were found to exhibit monomeric aptamer-like affinity and the lack of 12 

affinity enhancement was attributed to binding-site overlap by the constituent 13 

aptamers. The best homodimeric aptamer showed 2.8-fold better affinity, however 14 

the barrier to further affinity enhancement was ascribed to steric interference of the 15 

constituent aptamers. Our findings point to the need to consider the issues of 16 

binding-site compatibility and spatial requirement of aptamers for the development 17 

of dimeric aptamers capable of bivalent recognition. Thus, determinants 18 

highlighted herein should be assessed in future multimerization efforts.   19 
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4.3 Introduction  1 

Multivalent interactions are ubiquitous in nature.202 For example, DNA 2 

binding sites for transcription factors can occur in clusters, which are then bound 3 

by oligomeric transcription factors during transcriptional control.203 Motivated by 4 

the observed affinity enhancements associated with multivalency in natural 5 

systems,204 bioengineers have been pursuing synthetic multivalency systems to 6 

recognize a protein target. These efforts have led to the development of multivalent 7 

antibodies 205,206, and aptamers.207,208  8 

Using a dimer to recognize a protein target represents the simplest 9 

multivalency system. There are two types of dimeric recognition systems, a 10 

heterodimer comprising two different recognition elements and a homodimer made 11 

of two identical binders. Heterodimeric systems can be applied to any protein 12 

target, but they must be engineered from two different recognition elements that 13 

each recognize a distinct domain of the same target. Homodimeric systems, on the 14 

other hand, can be engineered from a single binder; however, this system only 15 

works for a homodimeric protein or a protein containing two or more identical 16 

structural domains. Nevertheless, there are many important homodimeric proteins 17 

found in biology.    18 

Aptamers are especially suited for multivalency as their selection conditions 19 

are easily controlled, they are easily chemically modified, and compared to 20 

antibodies they are relatively stable and simple to produce.  There has been a 21 

considerable amount of work on engineering dimeric aptamers with varying 22 
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degrees of success in affinity enhancement (see Supplementary Tables S4-1 and 1 

S4-2). A few studies have produced dimeric aptamers with substantial (>10-fold) 2 

affinity enhancement.207,209,210 However, many other studies have achieved either 3 

modest (~2-fold) affinity improvement 211–215 or no affinity increase at all.211,216–220 4 

These results beg the question of what are underlying factors that impact the 5 

affinity enhancement when constructing a dimeric aptamer. Previous dimeric 6 

aptamer studies have focused almost exclusively on creating optimized linker 7 

sequences (the linker issue) that link two component aptamers. Given the fact that 8 

this approach does not always create high-affinity dimeric aptamers, other factors 9 

must also play important roles. The purpose of the current study is to examine 10 

some potentially important factors as discussed below.  11 

The construction of a heterodimeric aptamer for a protein target in general 12 

requires at least two different aptamers, which comes with several issues to 13 

consider. In addition to the linker issue, the orientation of one aptamer to the other 14 

aptamer can be an issue (the orientation issue). In addition, another important 15 

condition is that the two aptamers must recognize the same protein target at 16 

different sites (binding-site compatibility issue). Furthermore, because aptamers 17 

are not small molecules, their significant spatial requirement can impose steric 18 

hindrance that prevents non-interfering binding of two aptamers (steric 19 

acceptability issue). The construction of a homodimeric aptamer for a homodimeric 20 

protein also comes with the linker and steric acceptability issues.  21 
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In this study, we carried out a comprehensive investigation examining the 1 

feasibility of creating high-affinity dimeric aptamers using three different DNA 2 

aptamers previously reported for human vascular endothelial growth factor 165 3 

(VEGF-165).221–227 In addition to the availability of three different aptamers, VEGF 4 

is a homodimeric protein molecule,228–234 offering a great opportunity for 5 

engineering both heterodimeric and homodimeric aptamers for the same system. 6 

Moreover, unlike the human thrombin-DNA aptamer system, 32,235–241 that has 7 

been the subject of many previous heterodimeric aptamer engineering efforts 8 

207,210,247,248,214,216,219,242–246 (see Supplementary Table S4-2), the VEGF-165 9 

system represents a more general system that does not have a high-resolution 10 

structure of the protein-aptamer complex. For this reason, lessons learned from 11 

such a system can serve as generalizable guiding principles for other protein-12 

aptamer systems.  13 

4.4 Results 14 

4.4.1 Affinity Assessment of Three Monomeric Aptamers  15 

 We selected the technique of electrophoretic mobility shift assays (EMSA) 16 

to assess aptamer binding to VEGF-165 simply because this technique allows for 17 

direct observation of the protein-aptamer complex.249  18 

There are three distinct classes of VEGF-165 binding DNA aptamers 19 

reported in three separate studies 223,224,226, which are renamed as aptamers H1, 20 

H2, and R1 for simplicity (Supplementary Table S4-3). Their proposed secondary 21 
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structures are provided in Figure 4-1. The complex formation of each aptamer was 1 

investigated using a fixed aptamer concentration (2.5 nM) while the concentration 2 

of VEGF-165 was increased.  3 

  4 

 5 

Figure 4-1. EMSA assays to examine VEGF binding by aptamers H1, H2 and R1. 6 

[Aptamer] = 2.5 nM for each panel; [VEGF-165] = 0, 1.3, 2.6, 5.2, 10.4, 20.8, 41.7, 7 

83.3, 166.7, 333.3 nM for panel A and B, with four replicates used to generate the 8 

binding curve; [VEGF-165] = 0, 2.7, 8.2, 24.8, 74.1, 222.2, 666.7, 2000 nM for 9 

panel C. Image for each panel: a representative gel image from EMSA. H1, H2, R1 10 

refer to fluorescently labeled aptamers H1, H2 and R1. Further X-VEGF represents 11 

the aptamer-VEGF complex, where X is either H1, H2, or R1.  12 

 13 
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The EMSA data provided in Figure 4-1 clearly shows that aptamers H1 and 1 

H2 exhibit significantly higher affinity than aptamer R1. The binding affinities (Kd 2 

values) of aptamers H1 and H2 are 9.9 ± 1.3 nM and 37.9 ± 14 nM, respectively. 3 

Aptamer R1, on the other hand, exhibited significantly reduced affinity, with an 4 

estimated Kd in excess of 1.5 μM, despite our substantial efforts to optimize EMSA 5 

conditions (see Supplementary Figure S4-1). Due to its poor affinity, aptamer R1 6 

was not a focus of the remaining work. 7 

4.4.2 Assessment of Compatibility of Aptamers H1 and H2 for 8 

Constructing a Heterodimeric Aptamer  9 

Aptamers H1 and H2 were chosen to construct a heterodimeric aptamer 10 

given their strong affinity to VEGF-165 and their differences in primary sequences 11 

and secondary structures. However, a critical issue to address is their ability to 12 

simultaneously bind the same protein molecule. It should be noted that VEGF has 13 

different isoforms,228–234 and the isoform we used up to this point is VEGF-165, 14 

which has two distinct domains known as HBD (heparin-binding domain) and RBD 15 

(receptor-binding domain). Aptamer H2 has been reported to bind the HBD,223 16 

based on the finding that it does not bind VEGF-121, a smaller isoform lacking the 17 

HBD. This was done instead of using the HBD fragment alone, to help deduce the 18 

domain to which the aptamer binds. Such information was not available for the 19 

aptamer we refer to as H1.   20 

We performed EMSA with aptamer H1 and VEGF-121. No complex 21 

formation was observed even at high protein concentrations (Supplementary 22 
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Figure S4-2). This result, along with the fact that aptamer H1 strongly binds VEGF-1 

165, indicated that aptamer H1 also binds the HBD, a property shared by the 2 

weaker VEGF aptamer specific for the heparin-binding domain, which we termed 3 

aptamer H2.  4 

However, it remained possible that aptamers H1 and H2 could still 5 

simultaneously bind VEGF-165 if their binding sites do not overlap. To assess this 6 

possibility, we performed EMSAs to analyze the competition for binding to VEGF-7 

165 either by fluorescent aptamer H1 (fH1; 2.5 nM) and nonfluorescent aptamer 8 

H2 ( nfH2; varied between 0-320 nM; Figure 4-2A) or by fluorescent aptamer H2 9 

(fH2; 2.5 nM) and nonfluorescent aptamer H1 (nfH1; varied between 0-320 nM; 10 

Figure 4-2B). Note that 10 and 50 nM VEGF-165 was used for the fH1/ nfH2 and 11 

fH2/nfH1 competitions, respectively, taking into consideration their binding affinity 12 

differences. To simplify the comparison, we calculated values of normalized 13 

fraction of bound (NFB) of fH1 or fH2 using the following equation: NFB = FB / FB0 14 

 100 , where FB0 and FB represent fraction of a fluorescent aptamer bound in the 15 

absence and presence of the competitor, respectively. The relevant NFB values 16 

are plotted in the right panels of Figure 4-2A and 4-2B.  17 

The competition assays depicted in Figure 4-2 clearly show that the fraction 18 

of bound fH2 or fH1 was inversely proportional to the increasing amounts of the 19 

non-fluorescent competitor. For example, fH2 was completely displaced by nfH1 20 

when the concentration of nfH1 reached 40 nM (Figure 4-2B; note that [fH2] = 2.5 21 

nM). These results demonstrate the inability of aptamers H1 and H2 to engage with 22 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

80 
 

VEGF-165 simultaneously, indicating that they share the same binding site or bind 1 

nearby sites that interfere with each other’s binding.   2 

The inability of aptamers H1 and H2 to bind VEGF-165 simultaneously was 3 

further demonstrated by the data in Supplementary Figure S4-3 which compares 4 

the binding curves of fH2 alone, and fH2 in the presence of 25 nM nfH1 as a 5 

competitor. The significantly reduced binding affinity of fH2 in the presence of 25 6 

nM nfH1 as a competitor (with an apparent Kd shifted from 37.9 nM to 135.4 nM) 7 

is consistent with the incompatibility of simultaneous binding to VEGF-165 by 8 

aptamers H1 and H2. 9 

              10 

Figure 4-2. Aptamers H1 and H2 competition assays. (A) Binding of VEGF-165 (10 11 

nM) by fluorescent aptamer H1 (fH1; 2.5 nM) competed by non-fluorescent 12 

aptamer H2 ( nfH2) at 0, 2.5, 5, 10, 20, 40, 80, 160, 320 nM (lanes 2-10). (B) 13 

Binding of VEGF-165 (50 nM) by fH2 (2.5 nM) competed by  nfH1 at 0, 2.5, 5, 10, 14 

20, 40, 80, 160, 320 nM (lanes 2-10). Each panel shows a representative gel image 15 

(left) and the graph of NFB as a function of non-fluorescent competitor 16 

concentration (right). 17 

 18 
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4.4.3 Assessment of Binding to VEGF-165 by Heterodimeric 1 

Aptamers Constructed with Aptamers H1 and H2   2 

The data presented above suggested that aptamers H1 and H2 were ill-3 

suited for constructing a heterodimeric aptamer with bivalent recognition. To 4 

experimentally verify this point, we created several H1-H2 or H2-H1 dimeric 5 

aptamers with and without a poly-thymidine linker. Figure 4-3A provides the EMSA 6 

results obtained with four H1TnH2 dimers with n = 0, 10, 20 and 30. The data shows 7 

that each H1TnH2 dimer was still functional, as reflected by the observation of the 8 

second band with significantly reduced gel mobility. In addition, the fraction of the 9 

aptamer bound with the protein was not significantly altered by the length of the 10 

linker, although the fraction bound seemed to be slightly higher with a T-linker. 11 

Similar results were obtained with four H2TnH1 heterodimers (Supplementary 12 

Figure S4-4; n = 0, 10, 20 and 30). The data indicates that the relative H1-to-H2 13 

orientation does not affect the binding affinity in this case. Based on the above 14 

results, H1T10H2 was chosen for further analysis. 15 

Thus, we carried out an experiment to determine the fraction of H1T10H2 16 

bound with VEGF-165 when the protein concentration was increased (Figure 4-17 

3B). We made an interesting observation: at the lower VEGF-165 concentrations, 18 

a single DNA band with a reduced gel mobility (denoted here as “the middle DNA 19 

band” and, marked by a black arrowhead in the gel image in Figure 4-3B); at higher 20 

VEGF-165 concentrations, however, another DNA band with even smaller gel 21 

mobility (the top DNA band, marked by a grey arrowhead)  became visible. Given 22 

the fact that H1T10H2 is a dimeric aptamer, the middle DNA band should be 23 
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H1T10H2-VEGF binary complex (the 1:1 protein/aptamer complex) while the top 1 

DNA band should correspond to VEGF-H1T10H2-VEGF ternary complex (the 2 

complex of 2 proteins and 1 aptamer). Consistent with this notion is the observation 3 

that the progressive reduction of the fraction of the middle DNA band is 4 

accompanied by the gradual increase of the fraction of the top DNA band when the 5 

VEGF concentration increased (Figure 4-3C).  6 

           7 

Figure 4-3. EMSA with H1-H2 heterodimeric aptamers. (A) Fraction of fluorescent 8 

aptamers (2.5 nM) bound with VEGF-165 (10 nM). Aptamer H1 (lane 1) and four 9 

H1TnH2 aptamers were compared in this experiment (n = 0, 10, 20, and 30) (lanes 10 

2-5). (B) Binding curves (left panel) for aptamer H1 (black), aptamer H2 (grey), and 11 

H1T10H2 (red). The curve in red is derived using combined fractions of fluorescent 12 

aptamers in both the top DNA band and the middle DNA band, whereas the curve 13 
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in green is obtained using the fraction of fluorescent aptamer in the top DNA band. 1 

The right panel shows a representative EMSA result for H1T10H2 binding with 2 

VEGF-165 at 0, 1.3, 2.6, 5.2, 10.4, 20.8, 41.7, 83.3, 166.7, 333.3 nM. (C) 3 

Quantification of three bands indicated by the arrows, carried out for lanes 6-10 of 4 

EMSA results, where higher-order associations are visible.  5 

 6 

We also performed further quantitative analysis using EMSA. Two binding 7 

curves were established: the first one (shown in red in Figure 4-3B) was derived 8 

using the combined fractions of aptamers in both the middle and top DNA bands, 9 

and the second only accounted for the fraction of the aptamer in the top DNA band 10 

(shown in green). The first binding curve overlaps very well with that of monomeric 11 

aptamer H1; the apparent Kd derived using this curve is 12.1 ± 1.9 nM, which is 12 

nearly identical to that of the monomeric aptamer H1 (9.9 ± 1.3 nM). This finding 13 

strongly suggests that the first binding curve was a result of VEGF-165 binding to 14 

the H1 aptamer domain of H1T10H2. The apparent Kd derived using the second 15 

binding curve is 87.3 ± 4.9 nM, which, as expected, lies in between the Kd of the 16 

monomeric aptamer H2 alone (37.9 ± 14 nM; Figure 4-1C) and the Kd of the 17 

monomeric aptamer H2 in the presence of 25 nM aptamer H1 (135.4 ± 2.4 nM; 18 

Supplementary Figure S4-3; note that the concentration of H1T10H2 used for 19 

Figure 4-3B was only 2.5 nM). The binding data comparison is consistent with the 20 

binding of second VEGF-165 to the H2 aptamer domain in the H1T10H2-VEGF 21 

complex.   22 

All the observations made with H1T10H2 above clearly indicate that H1T10H2 23 

contains two functional aptamer elements that cannot simultaneously bind the 24 

same VEGF molecule but are capable of binding two different VEGF-165 25 
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molecules. These results further confirm the finding made with the aforementioned 1 

aptamer displacement assay: aptamers H1 and H2 cannot simultaneously bind to 2 

one VEGF-165 molecule.  3 

To make sure that the results obtained with H1T10H2 was not a result of a 4 

small linker, we also synthesized a heterodimeric aptamer with a very long, T60 5 

linker (H1T60H2) and obtained its binding curve (Supplementary Figure S4-5A). 6 

These two dimeric aptamers exhibited superimposed binding curves, confirming 7 

that the size of the linker was not an issue. 8 

4.4.4 Assessment of Binding to VEGF-165 by Homodimeric Aptamers  9 

 The confirmed high-affinity of aptamers H1 and H2 served as a good start 10 

point for constructing homodimeric aptamers for VEGF-165, given that this protein 11 

is composed of two symmetrical monomers.  12 

We constructed four H1TnH1 and four H2TnH2 aptamers once again 13 

choosing a poly-T linker of 0, 10, 20, and 30 nucleotides. We then made side-by-14 

side comparisons in a single EMSA assay in which we determined the fraction of 15 

fluorescently labeled aptamer bound with VEGF-165 at relatively low aptamer and 16 

VEGF concentrations ([aptamer] = 2.5 nM; [VEGF-165] = 10 nM). 17 

For the H1TnH1 series, H1T20H1 exhibited the best binding and its fraction 18 

bound was considerably higher than that of the monomeric aptamer H1 (0.76 vs. 19 

0.57; Figure 4-4A). For the H2TnH2 series, the fraction bound by monomeric 20 

aptamer was only 0.01 (the first bar in Figure 4-4B); however, the fraction bound 21 
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by all four homodimeric aptamers was found to be ~0.35 (Figure 4-4B), 1 

representing substantial increases.  2 

We then performed the titration experiment with 2.5 nM H1T20H1 (Figure 4-3 

4C) and H2T0H2 (Figure 4-4D) when VEGF-165 was used at 0, 1.3, 2.6, 5.2, 10.4, 4 

20.8, 41.7, 83.3, 166.7, and 333.3 nM. Similar to the case with the heterodimeric 5 

aptamer H1T10H2, we also observed the middle DNA band and the top DNA band 6 

for both homodimeric aptamers and found that the amount of the top DNA band 7 

gradually increased whereas that of the middle DNA band reduced with higher 8 

VEGF-165 concentrations. The middle and top DNA bands were labeled as 1A-1P 9 

and 1A-2P, respectively, as we believe they corresponded to the 1:1 and 1:2 10 

aptamer/protein complexes.  11 

To confirm the top DNA band indeed represented the 1:2 aptamer/protein 12 

complex, we created H1T20H1m (denoted as A20Am) in which the second aptamer 13 

was inactivated by base mutations (see Supplementary Figure S4-6). When 14 

H1T20H1m was examined by EMSA, the top DNA band was absent (Supplementary 15 

Figure S4-6). 16 

The Kd values were then determined for H1T20H1 (Figure 4-4C) and H2T0H2 17 

(Figure 4-4D). Two binding curves were established, one with the combined 18 

fractions of fluorescent aptamers in both the middle and top DNA bands (red 19 

curves), one with only the fraction of the aptamer in the top DNA band (green 20 

curves). The Kd derived with the red curve of H1T20H1 was 5.5 ± 0.9 nM, 1.8-fold 21 

better than the monomeric aptamer H1 (Kd = 9.9 ± 1.3 nM). The equivalent Kd for 22 
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H2T0H2 was 13.6 ± 2.7 nM, 2.8-fold better than monomeric aptamer H2 (Kd = 37.9 1 

± 14 nM). The apparent Kd values derived using the green curve of H1T20H1 and 2 

H2T0H2 is 145 ± 11.6 nM and 74.8 ± 3.5 nM, respectively, indicating the 1:2 3 

aptamer/VEGF-165 complex for each dimeric aptamer can only occur at 4 

significantly higher VEGF-165 concentrations than that required for the 1:1 5 

complex.  6 

Furthermore, our assessment of H1T60H1 (Kd = 7.0 ± 1.5 nM; 7 

Supplementary Figure S4-5B) and H2T60H2 (Kd = 22.4 ± 1.0 nM; Supplementary 8 

Figure S4-5C) eliminated concerns regarding the length of the spacer as a limiting 9 

factor, as both homodimers demonstrated affinity similar to their smaller 10 

counterparts. 11 

The binding affinity analysis above reveals that the homodimeric aptamers, 12 

H1T20H1 and H2T0H2, behaved considerably different from the heterodimeric 13 

aptamer H1T10H2 featured earlier. While no affinity improvement was detected with 14 

the heterodimeric aptamer, both homodimeric aptamers produced notable affinity 15 

enhancement. The lack of affinity improvement in H1T10H2 was attributed to the 16 

inability of both aptamers to simultaneously bind to the same target. It was 17 

therefore interesting to determine if VEGF-165 could simultaneously accommodate 18 

two H1 aptamers or two H2 aptamers. 19 
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                 1 

Figure 4-4. Assessment of binding by homodimeric forms of H1 and H2. 2 

Comparative binding of (A) aptamer H1 and four H1TnH1 homodimers, and (B) 3 

aptamer H2 and four H2TnH2 homodimers. Fraction of each fluorescent aptamer 4 

(2.5 nM) bound with VEGF-165 (10 nM) was shown. (C-D) Representative gel 5 

image for (C) 2.5 nM H1T20H1 and (D) 2.5 nM H2T0H2 in the presence of 0, 1.3, 6 

2.6, 5.2, 10.4, 20.8, 41.7, 83.3, 166.7, 333.3 nM VEGF-165. (E) Binding curves for 7 

aptamer H1 (black) and H1T20H1 (red). (F) Binding curves for aptamer H2 (grey) 8 

and H2T0H2 (red). For both E and F, the curve in red is derived using combined 9 

fractions of fluorescent aptamers in both the top DNA band and the middle DNA 10 

band, whereas the curve in green is obtained using the fraction of fluorescent 11 

aptamer in the top DNA band.  12 

 13 

Experimentally testing the above idea represents a challenge for a particular 14 

reason: the gel mobility of the aptamer-VEGF complex was mostly dictated by 15 

VEGF-165 and to a much less degree by the size of the aptamer. This was clear 16 
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from the experiment performed in Figure 4-3A where the VEGF-165 complex with 1 

monomeric H1 aptamer and all four heterodimeric aptamers (H1T0H2, H1T10H2, 2 

H1T20H2 and H1T30H2) had similar gel mobility. For example, the VEGF-165 3 

complex with H1 and H1T10H2 had nearly identical gel mobility (Figure 4-3A), even 4 

though the monomeric aptamer H1 contains only 28 nucleotides whereas H1T10H2 5 

has 64 nucleotides. 6 

However, we did observe detectable differences in gel mobility between the 7 

monomeric aptamer H1 and the heterodimeric aptamer H1T30H2 (Figure 4-3A). 8 

Based on this observation, we first created  nfH1T100 and  nfH2T100, nonfluorescent 9 

aptamer H1 and H2 tagged with 100 T residues on their 3′ end. We then used them 10 

to examine co-binding with fH1 or fH2 (FAM-labeled H1 and H2), as described 11 

below. 12 

Figure 4-5A is a fH1-tracking gel image from the EMSA experiment 13 

conducted with 2.5 nM fH1 and 10 nM VEGF-165 in the presence of 2.5, 25 and 14 

250 nM  nfH1T100. This image allows for identification of fH1 and its complexes with 15 

VEGF; however, in this image  nfH1T100 would not be detected. Figure 4-5B is the 16 

image of the same gel obtained after it was stained by SYBR gold. This image can 17 

reveal the location of  nfH1T100 and its complex with VEGF; however, fH1 was not 18 

detected in this image due to its small size and low concentration.  19 
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The purpose of the above experiment was to determine if the DNA band 1 

that corresponds to fH1-VEGF- nfH1T100 could be detected in the image of Figure 2 

4-5A, which should appear at the location of black line, when fH1 and  nfH1T100 3 

were mixed with VEGF-165. No such band was observed when  nfH1T100 was 4 

tested at 2.5, 25 and 250 nM. Instead, when the concentration of  nfH1T100 was 5 

increased, growing amounts of fH1 was displaced from the fH1-VEGF complex 6 

(Figure 4-5A). Similar results were obtained with fH2 and  nfH2T100 (Supplementary 7 

Figure S4-7). Collectively, these results strongly suggest that one VEGF-165 8 

molecule cannot simultaneously accommodate two aptamer H1 molecules or two 9 

aptamer H2 molecules. 10 

Figure 4-5. Homomeric competition assay of fH1 and  its non-fluorescent variant 11 

nfH1T100 (A) Fluorescent gel image of 2.5 nM fH1 alone (lane 1) and 2.5 nM fH1 in 12 

the presence of 10 nM VEGF-165 (lanes 2-5) as well as 2.5, 25, 250 nM (lanes 3-13 

5, respectively)  nfH1T100. (B) SYBR Gold stained version of same gel. Black line 14 

indicates location of the  nfH1T100-VEGF complex across both images of the same 15 

gel. 16 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

90 
 

4.5 Discussion 1 

Given that EMSA represents a very simple method to visualize the binding 2 

between a labeled aptamer and its protein target, and at the same time gather 3 

useful size and stoichiometry information, it was chosen in this study to assess the 4 

binding behaviors of 3 monomeric and 23 dimeric VEGF-165 binding DNA 5 

aptamers.  6 

There are three distinct classes of existing monomeric VEGF-binding DNA 7 

aptamers, which are renamed as aptamers H1, H2 and R1 in this report (Figure 4-8 

1), in accordance with their demonstrated binding domain (heparin-binding 9 

domain, and receptor-binding domain). We were able to show using EMSA that 10 

aptamers H1 and C are high-affinity binders (with nanomolar Kd) while aptamer H2 11 

has significantly reduced affinity (with micromolar Kd). Given this observation, we 12 

focused our subsequent dimeric aptamer work on aptamers H1 and H2.  13 

We were also able to use this method to assess whether VEGF-165 can 14 

simultaneously bind aptamers H1 and H2 (Figure 4-2). This was done using a 15 

competition assay employing a fluorescently labeled aptamer as the tracer and an 16 

unlabeled aptamer as the competitor (Figure 4-3). This led to the finding that these 17 

two aptamers cannot be simultaneously accommodated by the same VEGF-165 18 

molecule. Expectedly, all 9 dimeric aptamers constructed with H1 and H2 bind 19 

VEGF-165 with the affinity observed for the monomeric aptamer H1 alone (Figure 20 

4-3), the better aptamer of the two. Taken together, our results indicate that 21 

aptamers H1 and H2 have overlapping binding sites, making them ill-suited for 22 
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development of high-affinity heterodimers. These findings further signify that 1 

differences in primary sequences and secondary structures between two aptamers 2 

do not necessarily translate into fruitful dimeric aptamers. However, in the absence 3 

of structural and binding site information, a quick way to assess the suitability of an 4 

aptamer pair for building a high-affinity dimeric aptamer is to conduct an EMSA 5 

based displacement assay. 6 

For a homodimeric protein such as VEGF-165, in theory it should be 7 

possible to set up a bivalent aptamer from a single aptamer. This can be done 8 

through the use of a DNA molecule containing two identical aptamer domains 9 

joined to each other via a linker domain. Five homodimeric H1 aptamers and 5 10 

homodimeric H2 aptamers were constructed using this strategy and they all 11 

showed an enhanced activity over their monomeric counterparts, with the best 12 

construct, H2T0H2, exhibiting 2.8-fold enhancement.  13 

However, the affinity enhancement observed with these homodimeric 14 

aptamers is still moderate. This made us wonder whether one VEGF-165 molecule 15 

can simultaneously accommodate two aptamer H1 or H2 molecules. To investigate 16 

this, we used a competition assay much alike the one employed for heterodimer 17 

analysis. To make this experiment possible, we set up the competition between the 18 

fluorescently labeled aptamer H1 (fH1) and the non-fluorescent aptamer H1 tagged 19 

with 100 thymidines (H1T100). This design creates enough gel mobility difference 20 

to detect the 1:1 and 2:1 aptamer/VEGF-165 complexes. The latter complex was 21 

not observed at all; instead, the amount of the fH1-VEGF complex was reduced in 22 
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the presence of increasing amounts of H1T100 (Figure 4-5). The same experiment 1 

performed for aptamer H2 produced nearly identical results. These two 2 

experiments clearly demonstrate that one VEGF-165 molecule cannot 3 

simultaneously accommodate two H1 or H2 aptamer molecules. The results seem 4 

to suggest that aptamer H1 (and H2) binds the dimeric VEGF-165 with an 5 

orientation that spatially clashes with the second aptamer. These results also point 6 

to the necessity of experimentally examining the ability of a homodimeric protein 7 

to accommodate two identical aptamers. 8 

One special observation worth commenting on is that the two aptamer 9 

domains in the featured heterodimeric and homodimeric aptamers are functional, 10 

indicated by the presence of the 1:2 aptamer/VEGF-165 complexes at high protein 11 

concentrations. This finding rules out the possibility of functional interference by 12 

putting two aptamer domains in one DNA sequence. 13 

Additionally, the lack of simultaneous binding by the dimeric aptamers to the 14 

dimeric VEGF protein is not due to the inadequate linker length in the dimeric 15 

aptamers, based on the observation that dimeric aptamers with a linker region of 16 

varying numbers of thymidines (up to 60) exhibited similar binding activities.  We 17 

also conclude that the linking orientation is not an issue for the lack of affinity 18 

enhancement of the heterodimeric H1/H2 aptamers as the orientation of the 19 

component aptamers (i.e. H1TnH2 vs H2TnH1) did not change the binding affinity. 20 

Previous studies have shown that aptamer H2 is an HBD-specific 21 

aptamer223 and aptamer R1 an RBD-specific aptamer226; our current work here has 22 
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revealed that aptamer H1 also binds HBD but not RBD. No study has made head-1 

to-head comparison to determine the relative binding affinity of these three 2 

aptamers until our current study. Using EMSA, we showed that both aptamers H1 3 

and H2 exhibited much higher affinity to VEGF-165 (nM-Kd) than aptamer R1 (M-4 

Kd). Upon conclusive finding that aptamers H1 and H2 were ill-suited for 5 

constructing a bivalent aptamer, we did make an attempt to build dimeric H1/R1 or 6 

R1/H2 aptamers. Unfortunately, when H1/R1 and R1/H2 aptamers were combined 7 

into a single DNA molecule, the resultant aptamers did not show any improved 8 

binding to VEGF-165 over the H1 aptamer alone (Supplementary Figure S4-8). We 9 

believe the significantly reduced affinity is the key reason for this observation. 10 

For successful engineering of dimeric aptamers with bivalent interactions 11 

with VEGF-165, our findings point to the need for new high-affinity aptamers that 12 

meet one of the following three conditions. Firstly, the new aptamers bind VEGF-13 

165 at a site that does not interfere with the binding of aptamer H1 or H2, and such 14 

aptamers should be suitable for setting up heterodimeric aptamers. Secondly, 15 

heterodimeric aptamers should be constructed out of aptamers which have similar 16 

affinities to avoid the complication of affinity bias (as was observed with H1/R1 and 17 

R1/H2). Thirdly, the new aptamers bind VEGF-165 at a suitable region with a 18 

spatial orientation that does not interfere with the binding of the second same 19 

aptamer, and such aptamers should be useful for setting up homodimeric 20 

aptamers. Searching for these aptamers, however, may represent a great 21 

challenge, given the fact that although two separate in vitro selection experiments 22 
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conducted by two different laboratories using two different DNA libraries led to the 1 

discovery of two sequence-distinct aptamers, they share overlapping binding sites 2 

within the HBD of VEGF-165. It is highly likely that the selection of these two 3 

aptamers are linked to the pI value of ~11.3 of the HBD232– the high pI of the HBD 4 

makes this domain positively charged, significantly favouring the selection of 5 

negatively charged aptamers to simply recognize this domain by charge-charge 6 

interactions. Therefore, novel strategies are required to drive the enrichment of 7 

high-affinity aptamers capable of binding VEGF-165 away from the HBD. 8 

4.6 Conclusion 9 

Although high-affinity protein binding aptamers can be engineered via 10 

dimerization of existing aptamers, multiple factors have to be carefully considered 11 

and examined to maximize the success rate. Although the length of the linker 12 

between two aptamer domains and the linking orientation of two constituent 13 

aptamers are important elements to evaluate, two most important criteria to 14 

consider are the binding-site compatibility of the two aptamers and their spatial 15 

acceptability. The differences in primary sequences and secondary structures do 16 

not necessarily mean that they recognize different epitopes of the same protein. 17 

Furthermore, the existence of a high-quality aptamer for a dimeric protein does not 18 

necessarily guarantee the successful engineering of a homodimeric aptamer with 19 

significantly improved affinity over the monomeric aptamer as the spatial 20 

requirement of this aptamer may prevent the co-binding of the two aptamer 21 

domains in the dimeric aptamer to the same protein molecule. As we continue to 22 
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pursue higher affinity aptamers, these factors need to be considered early in the 1 

process so that effective in vitro selection protocols can be designed that drive the 2 

selection of aptamers that meet these essential requirements. 3 

4.7 Materials and Methods 4 

Reagents.  All fluorescently labeled and unmodified DNA oligonucleotides 5 

were purchased from Integrated DNA Technologies (Coralville, IA, USA), and 6 

purified by standard 10% denaturing (8 M urea) polyacrylamide gel electrophoresis 7 

(dPAGE). Their sequences are provided in Supplementary Table S4-4. VEGF-121 8 

and VEGF-165 (his-tagged, expressed, purified from HEK-293 cells) were 9 

obtained from AcroBio (Newark, DE, USA). All other reagents were purchased from 10 

Sigma Aldrich (Oakville, Canada). All reagent solutions were either autoclaved or 11 

filtered using 0.2 μm syringe filters. Fluorescence gel images were obtained with 12 

Typhoon 9200 (GE, Healthcare, Piscataway, NJ, USA) immediately after gel 13 

running. Quantification of DNA bands in the image was performed with 14 

ImageQuant (Amersham) software. All graphs were made using Excel (Microsoft, 15 

Redmond, WA, USA), and observed binding curves were used to determine 16 

dissociation constants by fitting the data to the quadratic equation using the solver 17 

feature of Microsoft Excel,250,251 as shown previously.252,253 18 

Aptamer binding assays.  Each aptamer was used at 2.5 nM if not otherwise 19 

specified. A relevant aptamer was heated at 90°C for 2 minutes, cooled to room 20 

temperature, and then incubated with VEGF-165 for 1 hour at defined 21 

concentrations described in the relevant figure legends. The total reaction volume 22 
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of a typical reaction was 20 µL. Two replicates were performed unless otherwise 1 

stated. Phosphate buffered saline (PBS with 0.005% v/v Tween 20, pH 7.4) was 2 

used as the binding buffer for all aptamers, with the exception for aptamer R1 3 

(which forms a G-quadruplex structure) for which the PBS buffer also contained 50 4 

mM KCl.221 At the completion of the binding reaction, a 5 loading dye solution 5 

composed of 25% glycerol and bromophenol blue (1 mg/mL) was mixed with each 6 

reaction solution, and 10 µL of the resulting mixture was loaded into either a 10- or 7 

15-well 7.5% acrylamide gel with 1.5 mm gel thickness. The gel was made using 8 

37.5: 1 acrylamide: bis-acrylamide and polymerized for 15 minutes. Each gel was 9 

run with 0.5 Tris-borate (TB, pH 8.3) buffer at 180 V for 30 minutes inside a 4°C 10 

cold-room. Following gel running, the gel was scanned with the Typhoon at 600 11 

volts with a 200 µm pixel size for FAM fluorescence using the FAM filter 12 

configuration (excitation at 494 nm and emission at 525 nm).  13 

Determination of binding domain for aptamer H1.  This was performed using 14 

the similar protocol described above following a 1-hour incubation of 2.5 nM 15 

aptamer H1 with varying concentrations of VEGF-121 given in the legend of 16 

Supplementary Figure S4-2. 17 

Heteromeric displacement.  This was done with either the fH1 and  nfH2 pair 18 

or the fH2 and  nfH1 pair using the similar protocol as described above. For the 19 

fH1 and nfH2 pair, 2.5 nM fH1 was incubated with 10 nM VEGF-165 in the 20 

presence of varying concentrations of  nfH2 given in the legend of Figure 4-2A. For 21 
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the fH2 and  nfH1 pair, 2.5 nM fH1 was incubated with 50 nM VEGF-165 in the 1 

presence of varying concentrations of  nfH2 given in the legend of Figure 4-2B.  2 

Homomeric displacement.  This experiment was done with either the fH1 3 

and  nfH1T100 pair or the fH2 and  nfH2T100. For fH1 and nfH1T100 as follows: 2.5 4 

nM fH1 was incubated with 10 nM VEGF-165 in the presence of 0, 2.5, 25, 250 nM 5 

nfH1T100. And similarly, for fH2 and  nfH2T100 using concentrations given in the 6 

legend of Supplementary Figure S4-7. This was followed by EMSA. The gel was 7 

then scanned with the Typhoon to obtain the FAM fluorescence. The same gel was 8 

then stained with SYBR gold for 20 minutes, then the gel was rescanned using the 9 

Typhoon.  10 

Determining the binding curve of fH2 in the presence of nfH1.  The 11 

experiment was performed with 2.5 nM fH2 in the presence of 25 nM nfH1. 2.5 nM 12 

fH2 was incubated in a 20 µL solution for 30 minutes with varying concentrations 13 

of VEGF-165 given in the legend of Supplementary Figure S4-3. Then 1 µL of 14 

0.525 µM nfH1 was added, bringing the final nfH1 concentration to 25 nM, without 15 

significantly altering the concentrations of fH2 and VEGF-165.  16 

  17 
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Chapter 5: In Vitro Selection of New DNA Aptamers 1 

for VEGF 2 

5.1 Author’s Preface   3 

The success in devising highly effective aptamer-based biosensors for a 4 

target of interest is largely dependent on the availability of excellent aptamers for 5 

the target. Given the limitations observed for the published anti-VEGF DNA 6 

aptamers detailed in Chapter 4, we decided to conduct our own in vitro selection 7 

to search for new aptamers. The experiment was done in multiple selection 8 

streams where VEGF concentrations were varied. Our lab technician Jim Gu 9 

performed two initial streams and I performed three more, with higher selection 10 

pressure. Upon DNA sequencing, I carried out comprehensive bioinformatic 11 

analysis of the selected DNA sequences and found 4 different aptamer classes. 12 

Two of them are identical to two previously described aptamers, but the other two 13 

aptamers are novel. One of the new aptamers exhibits a unique property that we 14 

have not observed before, wherein two aptamer molecules are found to bind the 15 

dimeric protein. This chapter is intended to be a preliminary draft of the manuscript 16 

for publication. 17 

  18 
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5.2 Abstract 1 

A number of DNA aptamers with different sequences that bind VEGF-165, 2 

a homodimeric protein, have been previously reported. In a previous study, we 3 

showed that these aptamers can displace each other, suggesting that their binding 4 

sites are similar. This motivated us to conduct a new in vitro selection experiment 5 

to search for new anti-VEGF-165 DNA aptamers possibly possessing  different 6 

properties. We undertook a multi-stream selection strategy where the 7 

concentration of VEGF-165 was varied significantly. We carried out 11 rounds of 8 

selection, and next-generation sequencing was conducted for every round in each 9 

stream. From comprehensive sequence analysis, we identified four classes of DNA 10 

aptamers, two of which were reported before but the remaining two are new 11 

aptamers. One of the new aptamers exhibits a unique property that has never been 12 

observed before: two aptamer molecules are able to simultaneously bind VEGF-13 

165. Overall, this work has expanded the repertoire of anti-VEGF-165 DNA 14 

aptamers and creates a possibility to engineer a high-affinity homodimeric aptamer 15 

for VEGF-165.  16 

  17 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

100 
 

5.3 Introduction  1 

DNA aptamers are single-stranded DNA molecules that can adopt defined 2 

structures to bind a target of interest. Since the development of the in vitro selection 3 

technique that allows for the isolation of aptamers from random-sequence nucleic 4 

acid pools,16,17 the number of DNA aptamers for diverse biological targets has 5 

grown precipitously.  6 

The typical approach to isolating DNA aptamers starts with a pool of 1014 -7 

1016 different DNA sequences. The sequences capable of binding a target are 8 

enriched through repeated rounds of binding, separation, and amplification. 9 

Typically, after 7-10 rounds, the enriched pool is sequenced to decipher the base 10 

identity of the remaining sequences as aptamer candidates. This process may 11 

generate thousands of candidates with varying copy numbers. However, the most 12 

abundant ones do not necessarily represent the best aptamer for the target, 13 

making it difficult to find the best aptamer candidates for further characterization 14 

and application.254 15 

Herein, we designed a selection strategy that enabled us to isolate a large 16 

number of DNA aptamer sequences for an important biological target, vascular 17 

endothelial growth factor 165 (VEGF-165). In this chapter, I will describe our 18 

selection design, selection results and comprehensive sequence analysis that led 19 

to the identification of 4 different DNA aptamers – two previously reported and two 20 

new – that bind VEGF-165, as well as some preliminary characterization of the two 21 

new aptamers.   22 
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5.3.1 VEGF-165 as the Target for Aptamer Selection 1 

VEGF-165 is an important cytokine, involved in activating angiogenesis 2 

pathways that support tumor growth.255–257 It has two distinct domains, the 3 

receptor-binding domain (RBD) and the heparin-binding domain (HBD),228–234 and 4 

therefore it is possible to derive aptamers that bind specifically to each domain. 5 

There is another isoform of VEGF, VEGF-121, that lacks the HBD (Figure 5-1). If 6 

VEGF-165 is used as the target for aptamer selection, followed by binding assays 7 

with both VEGF-165 and VEGF-121, it is possible to identify the aptamers that bind 8 

either the HBD or the RBD.  9 

 10 

Figure 5-1. VEGF isoforms. Exons corresponding to different domains of VEGF 11 

are highlighted in different colors, with the VEGF receptor binding sites shown in 12 

purple, and the heparin-binding site in blue. Adapted with permission from 258. 13 
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5.3.2 DNA Aptamers for VEGF  1 

Three different classes of DNA aptamers for VEGF have been reported in 2 

literature and their sequences are provided in Supplementary Table S4-3. Classes 3 

H1 and H2 bind the HBD; the class R1 binds the RBD. In Chapter 4, I conducted 4 

experiments to characterize binding properties of these aptamers to both VEGF-5 

165 and VEGF-121 using EMSA. More specifically, I investigated the binding 6 

affinity and isoform specificity of a series of monomeric and dimeric DNA aptamers 7 

from these three classes. Although some dimeric aptamers exhibit somewhat 8 

enhanced binding affinity, the improvement is relatively small (~2-3-fold in 9 

comparison to their monomeric counterparts). This motivated us to examine the 10 

possibility of performing a new selection to derive potentially new DNA aptamers 11 

for VEGF-165 that have different properties that may lead to the creation of better 12 

dimeric aptamers. 13 

5.4 Results and Discussion  14 

5.4.1 Design of In Vitro Selection Strategy 15 

The sequences of the DNA library and the necessary primers for 16 

amplification by PCR are given in Figure 5-2A. The selection strategy is depicted 17 

in Figure 5-2B. In each cycle, the library is incubated with bare magnetic beads as 18 

the counter selection step to eliminate bead-binding DNA molecules. The unbound 19 

fraction of the library is then incubated with the magnetic beads containing VEGF-20 
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165. Following washes, the DNA sequences on the beads are eluted and amplified 1 

using two PCR reactions, PCR1, and PCR2. PCR1 uses regular forward and 2 

reverse DNA primers (V1-F and V1-R), but the reverse primer for PCR2 (V1-R-3 

SP18) contains 20 5’-thymidines separated from the primer by a non-amplifiable 4 

18-carbon spacer. With this design, PCR2 produces asymmetric double-stranded 5 

DNA amplicons with the sense strand (the aptamer strand) being 20-nucleotide 6 

shorter than the antisense strand. The shorter strand can then be isolated by 10% 7 

denaturing (7 M urea) polyacrylamide gel electrophoresis (dPAGE). The purified 8 

DNA serves as the pool for the next selection cycle for further enrichment.  9 

A specific strategy was implemented to create multiple selection streams, 10 

as shown in Figure 5-2C, to derive DNA pools enriched under different VEGF-165 11 

concentrations, with a hope to derive high-affinity DNA aptamers enriched under 12 

lower target concentrations.  13 

5.4.2 Sequence Diversity and Binding Activity of the Enriched Pools   14 

Eleven rounds of selection for VEGF-165 were performed in total, across 15 

five streams (Figure 5-2C). High-throughput next-generation sequencing (NGS) 16 

was used to map the enriched pools. For the remaining discussion, we refer to a 17 

unique sequence as all the sequence-reads in a given pool with an identical 18 

nucleotide sequence. For example, if a sequenced pool contains 100 identical 19 

sequence-reads, this particular sequence is taken as a unique sequence and it has 20 

a copy number of 100 in the pool. It should be noted that if two sequences differ 21 
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by a single nucleotide, they are treated as two different unique sequences. 1 

 2 

 3 
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Figure 5-2. Selection overview. (A) Library design. (B) Selection schematic. (C) 1 

Outline of the multi-stream selection approach employed herein, with splits 2 

occurring prior to round 7 and 11, to form streams a through e, with decreasing 3 

target concentration.  4 

 5 

We calculated the fraction of unique sequences (FUS) in a pool by dividing 6 

the number of total unique sequences by the number of total sequence-reads for 7 

the pool. FUS for our selection showed notable decreases starting at round 6 8 

(Figure 5-3A), indicating VEGF-165 binding sequences were being enriched.  We 9 

also performed dot-blot binding analysis using radioactively labeled DNA, VEGF-10 

165, and a protein binding membrane. DNA itself does not bind to the membrane 11 

but the complexes of DNA aptamers with VEGF-165 do. This assay allowed us to 12 

measure the fraction of the membrane-bound DNA pool (FMD) in each round of 13 

selection (Figure 5-3B and Supplementary Figure S5-1).  The FUS and FMD data 14 

are consistent: while FUS decreases, FMD increases.                             15 

 16 

Figure 5-3. In vitro selection progression. (A) The fraction of unique sequences 17 

(FUS) at rounds 2-10. (B) Fraction of the membrane-bound DNA pool (FMD) at 18 

rounds 2-10 when 1 µM of enriched pool was incubated with VEGF-165 and VEGF-19 

121 (both at 4 µM). 20 

 21 

The results in Figure 5-3 suggest that the selection strategy led to the 22 

enrichment of DNA molecules that bind VEGF-165. We also performed the same 23 
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dot-blot assay for the binding of the DNA pools to VEGF-121 (Figure 5-3B). No 1 

significant binding was detected for all the DNA pools, suggesting that the enriched 2 

sequences primarily, if not exclusively, bind to the HBD of VEGF-165. 3 

5.4.3 Identification of Four Different Aptamer Classes 4 

5.4.3.1 Rediscovery of the H2 Aptamer Class 5 

We first focused on the top 50 sequences in round 10b pool. We performed 6 

multiple-sequence alignment analysis with them using Clustal Omega,259 and 7 

observed that 74% of the sequences were aligned along a CCGAATGG motif 8 

(Figure 5-4A; underlined letters). The multiple sequence alignment result was 9 

further visualized using a sequence logo created by WebLogo,260,261 where relative 10 

letter height is proportional to the frequency of the given nucleotide (Figure 5-4B). 11 

Further analysis showed this motif remained most abundant within the top 50 12 

sequences in round 10a, 10b, 11c, 11d and 11e (Figure 5-4C; Supplementary 13 

Table S5-1). Furthermore, sequences containing this motif were observed to 14 

increase from rounds 2 to 10 in stream a and from rounds 7-10 in stream b (Figure 15 

5-4D). 16 

This motif has been previously observed in aptamers isolated from two 17 

independent in vitro selection experiments for VEGF-165, and has a more general 18 

consensus sequence of CCGWATGG (W=A/T).222,262 The predicted secondary 19 

structure of a representative from this aptamer class, termed H2, is shown in Figure 20 

5-5.  21 
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Figure 5-4. Discovery of the H2 aptamer class. (A) Multiple sequence alignment of 1 

the top 50 sequences in round 10b arranged around the conserved CCGAATGG 2 

motif created Clustal Omega algorithm v1.2.4,259 accessed at EMBL-EBI.263  (B) 3 

Sequence logo generated using WebLogo v3.6261 for the top 50 sequences from 4 

round 10b. Stack width is proportional to the fraction of nucleotides in that position; 5 

alignment gaps produce narrow letters; relative letter height is proportional to the 6 

given nucleotide’s frequency at that position; stack height indicates conservation 7 

at the given position. (C) % H2-class aptamers amongst the top 50 sequences in 8 

Rounds 10a, 10b, 11c, 11d and 11e. (D) % H2-class aptamers among all unique 9 

sequences found in the enriched pool, in round 2-10 of stream a, and 7-10 of 10 

stream b. 11 

While the initially reported H2 aptamer was isolated with CCGTATGG as the 12 

key motif (Figure 5-5), the first group to re-isolate this motif observed it as 13 

CCGAATGG, and the authors noted >99% nucleotide conservation in the bolded 14 

positions.262 Short motifs such as this 8-nt H2 motif have the ability to dominate a 15 

selection pool because of their very high probability of being present within the 16 

initial DNA pool,264 even if longer motifs with higher affinity exist in the library. This 17 

phenomenon, known as the “tyranny of the short motif” is challenging to 18 

avoid.254,265,266 Not surprisingly, we rediscovered this motif the third time. 19 

 20 

Figure 5-5. Structure of a H2-class aptamer, SL2-B, adapted with permission from 21 
223. Dotted circle indicates the conserved motif.  22 
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5.4.3.2 Rediscovery of the H1 Aptamer and Discovery of a New Aptamer, H3 1 

Given the predominance of the H2 aptamers amongst our top 50 2 

sequences, we next examined the top 200 sequences in an effort to identify 3 

additional candidates. 89% of them were clustered into 3 unique classes, H2, H3 4 

and H1 at 72.5%, 11.5% and 5.0%, respectively (Figure 5-6A; Supplementary 5 

Figure S5-2). H1 is another previously reported motif.224,225 However, the H3 motif, 6 

which has a consensus sequence of SCCCACTGSA (S = C or G), is novel to this 7 

selection.  8 

The sequence alignment produced a single H1 class but 6 H2 subclasses 9 

as well as 2 H3 subclasses (Figure 5-6A; Supplementary Figure S5-2). Next we 10 

performed both dot-blot and EMSA analysis with aptamers corresponding to H1 11 

(rank 18), 3 subclasses of H2 (ranks 1, 3, and 6), and the two H3 subclasses (ranks 12 

98 and 117). The sequences of these chosen aptamers are provided in Figure 5-13 

6B. Despite being the highest in abundance, three H2 aptamers showed weaker 14 

binding than H1 (Figure 5-6C; Supplementary Figure S5-3), consistent with our 15 

previous affinity comparisons for H1 and H2 (Figure 4-1). The two H3 aptamers, 16 

H3a (rank 98), and H3b (rank 117) exhibited H2-like binding affinity, which was 17 

relatively poorer than that of H1 (Figure 5-6C). No VEGF-121 binding was 18 

observed for any of these aptamers (See Supplementary Figure S5-3).    19 
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 1 
Figure 5-6. Identification of aptamer candidates, from the top 200 unique 2 

sequences in round 10b. (A) Three major classes of aptamers. (B) The sequences 3 

of six aptamer candidates chosen for affinity analysis. Only random-sequence 4 

domain is shown. Each sequence is named Hxry, where x and y represent the 5 

aptamer class and the rank (r) of the sequence in the pool. (C) Fraction bound 6 

determined using EMSA (25 nM VEGF-165 and 25 nM aptamer was used in the 7 

assay).  8 

5.4.3.3.1 Displacement Analysis of H3 and H1  9 

Next we carried out a displacement analysis using nonfluorescent H3a or 10 

H3b (nfH3r98 and nfH3r117) and fluorescent H1 (fH1r18). The results indicate that 11 
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increasing concentrations of nfH3a and nfH3b led to diminished intensity in the 1 

fluorescent band observed for the fH1-VEGF-165 complex (Supplementary Figure 2 

S5-4). This indicates that the two H3 aptamers and H1 share the same binding site 3 

on VEGF-165. This test suggests that the new H3 aptamers are not very interesting 4 

given their relatively poorer affinity when compared to the H1 aptamer and their 5 

overlapping recognition site with the H1 aptamer.   6 

5.4.3.4 Discovery of Another New Aptamer, H4  7 

To continue our search for a new aptamer with properties that differ from 8 

H1, H2 and H3, we then considered the top 2000 unique sequences from round 9 

11e. First, we removed all the sequences containing H1 (TGGACWAGAGGGCAG; 10 

W = A or T), H2 (CCGWATG), and H3 (SCCCACTGSA; S = C or G) motifs, which 11 

include 13 H1-containing sequences, 1617 H2-containing ones, and 149 H3-12 

containing sequences (corresponding to 88.95% of the top 2000 sequences). 13 

However, the remaining 221 sequences were too diverse to find a candidate to do 14 

further analysis even with multiple sequence alignment analysis. For example, 15 

when we performed the sequence alignment on the top 50 of the 221 sequences, 16 

multiple subgroups were observed (Supplementary Table S5-2). For this reason, 17 

we pursued another strategy to find a suitable aptamer to study, namely, multi-18 

round trend analysis to be explained below.  19 

The 221 aforementioned candidates were compared across different 20 

selection streams to search for more abundant species under lower VEGF-165 21 
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conditions (Supplementary Table S5-3). Table 5-1 summarizes the results for the 1 

top 10 candidates.  2 

First, we compared the relative abundance of each sequence in rounds 11d 3 

and 11c, selected using 25 nM and 250 nM VEGF-165, respectively. The relative 4 

abundance was determined by dividing the abundance of a given sequence in 5 

round 11d by its abundance in 11c. The results showed 6 of the top 10 sequences 6 

were more enriched in the lower concentration (green bolded). Since this initial 7 

comparison produced several candidates, we then calculated the relative 8 

abundance of the same top 10 sequences between round 11c and round 11e, 9 

which was selected at 2.5 nM VEGF-165.  Only 2 sequences had a value above 1, 10 

indicating they were more abundant in round 11e. Because these two sequences 11 

differ by a single nucleotide, they are essentially the same aptamer class. 12 

Therefore, we chose the top-ranked aptamer for further analysis. This sequence is 13 

named H4r3.   14 

Table 5-1. Multiple-round trend analysis of the top 10 remaining sequences 15 

following the removal of all H1-3 containing sequences from the top 2000 in round 16 

11e. Relative abundance value was determined by dividing the abundance of a 17 

given sequence in a lower concentration round by its abundance in a higher 18 

concentration round. Values above 1 (bolded green) indicate a sequence is more 19 

abundant in the lower concentration selection. 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 
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Within the top 2000 sequences in round 11e, there are 8 unique H4 family 1 

members (Table 5-2), accounting for 1.24% of all the sequence-reads in the round 2 

11e pool. The top variant ranks 3rd in the pool and accounts for 0.73% of all the 3 

sequence-reads (Table 5-2).  4 

Table 5-2. H4-class aptamers. The abundance was calculated as the percentage 5 

of the listed sequence in the total sequence-reads. Conserved bases are 6 

indicated by an asterisk (*).   7 

 8 

We performed a series of EMSA experiments to characterize the binding 9 

property of H4r3 to VEGF-165. First, the H4 aptamer is also an HBD binder and 10 

shares the same binding site with the H1-class aptamer. This is evident from the 11 

competition assay provided in Figure 5-7A: nonfluorescent H4r3 (nfH4r3) was 12 

capable displacing fluorescent H1 (fH1) from VEGF-165 (a representative gel is 13 

provided in Supplementary Figure S5-5). Interestingly, H4r3 appeared to have a 14 

higher affinity than H1 as it was able to completely displace H1 from the 15 

protein/aptamer complex when both were used at 2.5 nM (Figure 5-7A). This was 16 

verified by the full binding curve analysis, which produced a Kd of 4.0 ± 0.5 nM 17 

(Figure 5-7B). For comparison, the Kd for H1 is 9.9 ± 1.3 nM.  18 

Most significantly, H4 also produced a unique gel-shift pattern that we have 19 

never seen before with all the VEGF-165 binding aptamers: it produced two higher-20 
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order bands in the presence of VEGF-165 (Figure 5-7C). The unique double-1 

banding pattern for H4 can be explained as follows:  the first up-shifting band is 2 

H4-VEGF complex (1A-1P complex; A: aptamer; P: protein); the second up-shifting 3 

band is H4-VEGF-H4 complex (2A-1P complex).  4 

 5 
Figure 5-7. The binding properties of the H4 aptamer. (A) Competitive 6 

displacement analysis of fH1 (2.5 nM) with increasing concentrations of nfH4r3. (B) 7 

A full binding curve of H4 class aptamer, using 2.5 nM fH4r3. (C) A representative 8 

gel image that was used to determine the Kd of H4r3.  9 

 10 

The formation of 1H4-1P and 2H4-1P complexes were further examined in 11 

a competition assay involving the use of both fH4 and nfH4 (Figure 5-8A). As 12 

expected, mixing 2.5 nM fH4 with 10 nM VEGF-165 produced the proposed 1H4-13 

1P and 2H4-1P complexes (lane 2 of the gel in Figure 5-8). At this condition, 55.6% 14 

fH4 was converted to the two complexes, with 1H4-1P being more dominating 15 

(43.6%) than 2H4-1P (12%).  16 

When 2.5 nM nfH4 was added to the mixture (lane 3), however, only 27% 17 

fH4 was converted to the two complexes and the dominating species was now 18 

2H4-1P (14.9%) but not 1H4-1P (12.1%). The observed banding pattern changes 19 

under this setting can be explained as follows: (1) more unbound fH4 was a result 20 

of displacement of bound fH4 by nfH4; (2) higher ratio of 2H4-1P over 1H4-1P was 21 
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a result of the binding of nfH4 to the second (unoccupied) binding site of the VEGF-1 

165 in the 1H4-1P complex. 2 

3 
Figure 5-8. Displacement analysis. (A) Competitive displacement analysis of fH4 4 

(2.5 nM) with nfH4. (B) Sybr stained version of gel shown in panel B. (C) 5 

Quantifying bands in panel A. 6 

  7 

When 25 nM nfH4 was mixed with 2.5 nM fH4 and 10 nM VEGF-165 (lane 8 

4), only 1.5% fH4 was in the complex forms; once again, 2H4-1P (1.5%) was the 9 

dominating complex species. Because the nfH4/fH4 ratio was set at 10 (vs. 1 for 10 

the binding reaction in lane 3), higher unbound fH4 was expected. The further 11 

increased ratio of 2H4-1P/1H4-1P under this setting simply reflected the fact that 12 

a much higher H4 concentration (27.5 nM) was used for the binding reaction, and 13 

thus there were more VEGF-165 molecules in which both of the binding sites were 14 

occupied. 15 

To provide more supporting evidence, the same gel was stained with SYBR 16 

gold, which is a less sensitive DNA detection method but is capable of detecting 17 

nonfluorescent DNA. The stained gel image is shown in Figure 5-8B and data is 18 

consistent with the findings made from Figure 5-8A. More specifically,  (1) the most 19 

dominated 1H4-1P complex was seen in Lane 2; (2) both 1H4-1P and 2H4-1P 20 
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complexes were detected in Lanes 3 and 4, with 2H4-1P being the more 1 

dominating complex species in each lane; (3) much more 2H4-1P complex species 2 

was observed in Lane 4.   3 

5.5 Discussion and Conclusions 4 

The discovery of H4 is significant because it is the only aptamer that has 5 

been observed to produce the 2A-1P complex (the complex of VEGF-165 with 2 6 

aptamers). Although two HBD binding DNA aptamers (H1 and H2) have also been 7 

reported in literature and one more HBD binding DNA aptamer (H3) was 8 

discovered by us prior to the discovery of H4, none of these aptamers is capable 9 

of forming the 2A-1P complex with VEGF-165. Therefore, H4 is a one-of-a-kind 10 

aptamer.  11 

Discovery of H4 is attributed to the two strategies we implemented in this 12 

study: (1) multi-stream selection with decreased target concentrations to create 13 

diverse aptamer candidates for bioinformatic analysis, and (2) comprehensive 14 

bioinformatic analysis of a large number of candidate sequences. Our selected 15 

pools, and those enriched by the two other previous studies, are populated mostly 16 

by the H2-class aptamers: ~70% among the top 50 unique sequences discovered 17 

in all the terminal pools in our 5 selection streams (Figure 5-4C). Therefore, H2, 18 

which has a small 8-nt consensus sequence (CCGWATG), is the most “obvious” 19 

solution as it is easy to find.  20 
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When the bioinformatic analysis was extended to include the top 200 1 

sequences in round 10b, two additional aptamers, H1 and H3 were discovered. H1 2 

has high affinity for VEGF-165 but a much large consensus sequence 3 

(TGGACWAGAGGGCAG; 15 nt). H3’s affinity is similar to that of H2, but it has a 4 

slightly longer consensus sequence (SCCCACTGSA; 10 nt). The size of 5 

consensus sequence and the binding affinity differences among H1, H2 and H3, 6 

when considered together, provide the justification for the number of unique 7 

sequences corresponding to to these 3 aptamers in each terminal pool. Take round 8 

10b as an example. The number unique sequences belonging to the H2, H3 and 9 

H1 class is 1521, 210, 41, respectively.  10 

Table 5-3. Unique sequences among top 2000. Number sequences belonging to 11 

H1, H2, H3 and H4 classes, within the 2000 unique sequences that are most 12 

enriched in all five terminal pools 13 

 14 

 10a 10b 11c 11d 11e 

H1 48 41 36 39 38 

H2 1591 1521 1660 1650 1617 

H3 143 210 117 99 149 

H4 4 3 7 13 8 

 15 

Within the top of 2000 sequences in these pools, the number of unique 16 

sequences belonging to the H4 class is relatively small (between 3 -13). Given its 17 

scarcity among the top 2000, H4 does not appear to be a good candidate to pick 18 

for further characterization. Therefore, its discovery in our study is attributed to our 19 

multi-stream selection strategy where the target concentration was varied 20 

significantly from a to e. Because H4 has the best affinity among all four 21 

characterized aptamers and is capable of forming the 2A-1P complex, its 22 
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abundance was considerably increased in rounds 11d and 11e pools when 1 

compared to other terminal pools. In fact, it is the only aptamer that produced >1 2 

relative 11e/11c abundance and relative 11d/11c abundance (Table 5-1), a key 3 

parameter that guided us to select this aptamer for further study. Without the 4 

implementation of these two strategies, H4 may not have been discovered.  5 

The unique ability to form the 2A-1P complex bodes well for constructing a 6 

homodimeric aptamer with enhanced binding affinity. As the last experiment for 7 

this chapter (given my limited remaining time on the project), I made a homodimeric 8 

H4 aptamer with a long T-linker, H4T100H4, and tested its binding affinity (Figure 5-9 

9).  Pleasantly, this homodimeric aptamer exists , with a Kd of 1.4 ± 0.3 nM, ~3-fold 10 

better than its monomeric counterpart (Figure 5-9). In fact, H4T100H4 has the 11 

smallest EMSA-determined Kd. We are hopeful that with further optimization we 12 

may be able to build a dimeric aptamer for VEGF-165 with even more enhanced 13 

binding affinity, given the observation that H4 is the only aptamer capable of 14 

forming the 2A-1P complex.  15 

 16 

Figure 5-9. Comparing H4 and its dimeric form. Binding curves obtained using 2.5 17 

nM of each aptamer (inset), prior to testing with 0.5 nM and lowered protein 18 

concentrations for added accuracy once Kd of dimer was determined to be lower 19 

than 2.5 nM (2.4 ± 0.1 nM). Kd of H4 observed to be ~4 nM in both cases (4.0 ± 0.5 20 

with 2.5 nM fH4; 4.7 ± 0.4 with 0.5 nM fH4), and H4T100H4 observed to have a Kd 21 
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of 1.4 ± 0.3 nM using 0.5 nM fH4T100H4. The response curves for both aptamers 1 

at both concentrations is shown on a single graph in Supplementary Figure S5-6, 2 

confirming that monomer produces overlapping curves at both aptamer 3 

concentrations, while curve for dimer is shifted at lower aptamer concentrations.   4 

In summary, by carrying out a 5-stream concentration-varying selection and 5 

subsequent comprehensive bioinformatic analysis, we were able to identify four 6 

different classes of DNA aptamers, H1, H2, H3 and H4. H2 and H1 are the two 7 

published aptamers that are rediscovered again in our study. However, H3 and H4 8 

are new aptamers. H4 is most interesting as it has a unique property that has never 9 

been observed before: it is able to form the 2A-1P complex with the homodimeric 10 

protein VEGF-165. Overall, this work has expanded the repertoire of anti-VEGF-11 

165 DNA aptamers and creates a possibility to engineer a high-affinity 12 

homodimeric aptamer for VEGF-165.  13 

5.6 Materials and Methods 14 

Reagents. Oligonucleotides utilized herein were obtained from Integrated 15 

DNA Technologies (Coralville, IA, USA), and purified by standard 10% denaturing 16 

(8M urea) polyacrylamide gel electrophoresis (dPAGE). The sequences of 17 

aptamers utilized are detailed in Supplementary Table S5-4. VEGF-121 and 18 

VEGF-165 (his-tagged, expressed, purified from HEK-293 cells) were obtained 19 

from AcroBio (Newark, DE, USA). All other components were purchased from 20 

Sigma Aldrich (Oakville, Canada). All prepared solutions were either autoclaved or 21 

filtered using 0.2 um syringe filters. Gels were scanned on Typhoon (GE, 22 

Healthcare, Pisacataway, NJ, USA) fluorescence imaging system immediately 23 
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after running, and analyzed using ImageQuant (Amersham) software. All graphs 1 

were made using Excel, and observed binding curves were used to determine 2 

dissociation constants by fitting the data to the quadratic equation using the solver 3 

feature of Microsoft Excel,250,251,267 as shown previously.252,253 4 

In vitro selection and characterization. The in vitro selection procedure was 5 

performed in accordance with a previously reported method with minor 6 

modifications,268–270 detailed further in Supplemental Materials and Methods in 7 

Appendix C. Using his-tagged VEGF-165 and Ni-NTA beads, 11 rounds of 8 

magnetic bead-based selection were carried out, with the library from rounds 2-11 9 

analyzed using NGS (See Appendix C: Supplemental Materials and Methods). 10 

Tracking the VEGF-specific enrichment, throughout selection rounds, and 11 

screening of top-ranked candidates, were performed through dot-blot assays, and 12 

candidates were further screened and characterized using EMSA-based methods 13 

described in chapter 4, section 7. 14 

Detailed descriptions of the in vitro selection methodology, and our 15 

bioinformatic analysis, are provided in the Supplemental Materials and Methods in 16 

Appendix C. 17 

Dot-blot screening. Whatman MiniFold-1 dot-blot system (Boston, MA, 18 

USA) was used for screening throughout selection rounds, and screening 19 

candidate sequences, as detailed previously.271 Nitrocellulose paper (Amersham 20 

International, UK), nylon (GeneScreen Plus, Boston, MA, USA), and blotting paper 21 
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(Whatman No. 1, Boston, MA, USA) were used to perform dot-blot assays, with a 1 

single layer of nitrocellulose being placed atop a layer of nylon, which was placed 2 

on two layers of blotting paper. All papers were pre-soaked with reaction buffer, 3 

prior to being secured into the dot-blot system. Each well was washed by passing 4 

through 100 μL of reaction buffer before and after the addition of 25 μL of sample, 5 

with 100 nM of candidate aptamer or 1 µM library, incubated for 1 hour at room 6 

temperature.   7 
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Chapter 6: Conclusions and Future Directions 1 

The work detailed herein serves to further demonstrate the versatility of 2 

functional nucleic acids for potential applications that can benefit human health. In 3 

the first project, I made an effort to create a simple RNA-cleaving DNAzyme based 4 

colorimetric biosensor for the detection of a dangerous metal ion. This was followed 5 

by a project where I optimized the synthesis of a protein-DNA conjugate, which 6 

was used as the signal transducer in the colorimetric biosensor. Next, I turned my 7 

attention to the search for high-affinity aptamers for an important biological target, 8 

vascular endothelial growth factor (VEGF-165), first by characterizing published 9 

DNA aptamers for this protein, and then by performing a stringent in vitro selection 10 

to search for potentially more effective aptamers for this target. 11 

Chapter 2 describes my efforts to develop a pH-responsive biosensor that 12 

uses the 39E DNAzyme as a recognition element for uranyl and urease as a 13 

mechanism to translate the cleavage event into a colorimetric response for the 14 

detection of uranyl in water. This simple and inexpensive assay enabled detection 15 

of uranyl in environmental water samples at 15 µg/L in 20 minutes, both in solution 16 

and on paper. This detection sensitivity is well below the maximum allowable 17 

concentrations set by regulatory bodies in Canada (20 µg/L), the US (30 µg/L), and 18 

globally by the WHO (30 µg/L). While this work employed uranyl as the target 19 

analyte, the simplicity of this litmus-like assay can be easily adapted for use with 20 
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other RNA-cleaving DNAzymes for the detection of other environmental 1 

contaminants. 2 

The goal of the project presented in Chapter 3 was to establish an efficient 3 

method for obtaining a DNA-urease conjugate (DUC) with high yield and high 4 

purity. The coupling of DNA to urease was achieved through the use of a 5 

bifunctional crosslinker. An optimal reaction condition was established that gave 6 

rise to a reaction yield of ~90%. Purification of DUC was accomplished first via 7 

binding of DUC to an affinity column containing a complementary oligonucleotide 8 

and then via the release of DUC by a competitive DNA oligonucleotide. This 9 

method led to highly pure DUC without adversely affecting the activity of urease. 10 

Herein we employed an enzyme for biosensing due to its ability to produce an 11 

optically detectable signal, however additional potential applications for DNA-12 

protein conjugates beyond the realm of biosensors include pharmaceutical 13 

applications that utilize functional nucleic acids (e.g. aptamers) conjugated to 14 

therapeutic proteins for targeted delivery of their protein cargo component. 15 

Therefore, the coupling and purification strategies can be extended to the synthesis 16 

of diverse DNA-protein conjugates. 17 

In Chapter 4, I examined the possibility of building dimeric aptamers from 18 

published aptamers for VEGF-165, a homodimeric protein, with a hope to create 19 

higher affinity aptamers. I characterized three published aptamers, and their 20 

compatibility with one another for dimerization. This work showed that although 21 

high-affinity protein-binding aptamers can be engineered via dimerization of 22 
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existing aptamers, multiple factors have to be carefully considered to maximize the 1 

success rate. The key factors to consider include the length of the linker between 2 

two aptamer domains, the linking orientation of two constituent aptamers, the 3 

binding-site compatibility of the two aptamers and their spatial acceptability. The 4 

key discovery in this project is that the existence of high-quality aptamers for a 5 

dimeric protein does not necessarily guarantee the successful engineering of 6 

dimeric aptamers with significantly improved affinity as the spatial requirement of 7 

this aptamer may prevent the co-binding of the two aptamer domains in the dimeric 8 

aptamer to the same protein molecule. As we continue to pursue higher affinity 9 

aptamers, these factors need to be considered early in the process so that effective 10 

in vitro selection protocols can be designed to drive the selection of aptamers that 11 

meet these essential requirements. 12 

        Upon examination of the existing aptamers for VEGF-165 and their 13 

inadequacy for productive dimerization in Chapter 4, we determined it is worthwhile 14 

to search for more DNA aptamers for this protein. In Chapter 5, I describe our own 15 

aptamer selection experiment that utilized increasing stringency across 5 selection 16 

streams to establish diverse aptamer candidates for VEGF-165. This approach 17 

allowed us to perform comprehensive bioinformatic analysis aimed at isolating 18 

novel aptamers. This resulted in the isolation of two new DNA aptamer classes, 19 

one of which shows the unique ability to form the 2A-1P complex (2Aptamers-20 

1Protein complex), the best candidate to create a homodimeric aptamer for VEGF-21 
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165. Further investigation of this new aptamer towards creating an effective dimeric 1 

aptamer remains an important future research direction in our lab. 2 

        Both our efforts to characterize the existing aptamers and our own aptamer 3 

selection effort have highlighted the importance of detailed aptamer 4 

characterization. It will be interesting to use crystallization, Cryo-EM, or NMR to 5 

determine the high-resolution structures of the aptamer-protein complexes 6 

featured in Chapters 4 and 5, as the detailed structural information should be 7 

extremely useful toward further optimizing these aptamers for their target 8 

recognition. 9 

        Overall, this thesis has examined two classes of functional nucleic acids, an 10 

RNA-cleaving DNAzyme for the detection of a toxic metal ion and a group of DNA 11 

aptamers for a protein target. Ultimately, it is my hope that the work detailed herein 12 

can help advance the field of functional nucleic acids and supports future efforts to 13 

develop more and better DNA aptamers and DNAzymes for applications that can 14 

benefit human health.  15 

 16 

 17 

  18 
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Appendix A: Supplemental Data Chapter 2 1 

Supplementary Tables and Figures 2 

Supplementary Table S2-1. Trace element analysis. Observed concentrations of each element 3 

shown, with less than symbols indicating values below a detection limit for the respective method 4 

of detection. Comparing filtered and unfiltered well and lake water samples.  5 

Element Unfiltered lake 
water 

Filtered Lake 
water 

Unfiltered well 
water 

Filtered well 
water 

U <0.010 nmol/L <0.010 
nmol/L 

<0.010 nmol/L <0.010 
nmol/L 

Cr <1 nmol/L <1 nmol/L <1 nmol/L <1 nmol/L 

As <0.01 µmol/L <0.01 µmol/L <0.01 µmol/L <0.01 µmol/L 

Pb <1 nmol/L <1 nmol/L <1 nmol/L <1 nmol/L 

Co <1 nmol/L <1 nmol/L 5 nmol/L 5 nmol/L 

Fe <0.01 µmol/L <0.01 µmol/L <0.01 µmol/L <0.01 µmol/L 

Mn <2 nmol/L <2 nmol/L 7.1 nmol/L 8.1 nmol/L 

Ni 4 nmol/L 3 nmol/L 44 nmol/L 45 nmol/L 

Se <0.01 µmol/L <0.01 µmol/L <0.01 µmol/L <0.01 µmol/L 

V 8.6 nmol/L 12.3 nmol/L <1 nmol/L <1 nmol/L 

Sn <1 nmol/L <1 nmol/L <1 nmol/L <1 nmol/L 

Cu <0.01 µmol/L <0.01 µmol/L 0.08 µmol/L 0.08 µmol/L 

Zn <0.1 µmol/L <0.1 µmol/L 7.1 µmol/L 7.1 µmol/L 

Al <0.1 µmol/L <0.1 µmol/L <0.1 µmol/L <0.1 µmol/L 

Cd <1 µmol/L <1 µmol/L <1 µmol/L <1 µmol/L 

Hg <0.1 nmol/L 0.3 nmol/L 0.4 nmol/L <0.1 nmol/L 

Mg 0.53 mmol/L 0.51 mmol/L 9.0 mmol/L 8.8 mmol/L 

HCO3 <5 mmol/L <5 mmol/L <5 mmol/L <5 mmol/L 

Ca 1.49 mmol/L 1.50 mmol/L 4.3 mmol/L 4.3 mmol/L 

Na <20 mmol/L <20 mmol/L <20 mmol/L <20 mmol/L 

K <1 mmol/L <1 mmol/L <1 mmol/L <1 mmol/L 

Cl <20 mmol/L <20 mmol/L <20 mmol/L <20 mmol/L 

 6 
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 1 

  2 

Supplementary Figure S2-1. Expanded time-point for paper-based colorimetric detection of uranyl 3 
in well water samples, using 39E-UrDNA. Compared at 0, 1.5, 10, and 15 µg/L uranyl in well water 4 
after incubations of 0, 2, 5, 10, 15, 20, 25, and 30 minutes. pH strips are shown after being dipped 5 
at different time-points, into an aliquot of the supernatant combined with substrate solution. 6 

 7 

  8 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

128 
 

Appendix B: Supplemental Data Chapter 4 1 

Supplementary Tables and Figures 2 

Supplementary Table S4-1. Affinity enhancement of homodimeric aptamers. Composition shown 3 
as DNA (deoxyribonucleic acids), RNA (ribonucleic acids), 2′-F-RNA (2′-fluoropyrimidine–modified 4 
RNA), and LNA (locked nucleic acids). Listed with dissociation constants (Kd) provided with 5 
standard deviation values where available.  6 
 7 
Protein Target Degree of affinity enhancement  Nucleic acid 

composition  

Ref. 

Vitronectin Monomer: 408 ± 78 nM; Dimer: 485 ± 78 nM                            

No enhancement 

DNA 217 

L-selectin Monomer: 0.7 nM; Dimer: 0.8 nM                                              

No enhancement 

DNA 220,272

,273 

CD28 Monomer: 60 nM; Dimer: 60 nM  

No enhancement 

2’-F-RNA 218 

mIgM (B-cell 

receptor) 

Monomer@4°C: 43 nM; Dimer @4°C: 57 nM                                     

No enhancement 
 

Monomer @37°C: >10000 nM; Dimer @37C°C: 6222 nM                             

<2-fold enhancement  

LNA/DNA 211 

GFP Monomer: 5.1 nM; Dimer: 3.2 nM                                                      

1.6-fold enhancement 

RNA 212 

TATA-binding 

protein 

Monomer i (A-37): 25 nM; Dimer i (A-37): 15 nM 

1.7-fold enhancement 
 

Monomer ii (V-1): 45 nM; Dimer ii (V-1): 25 nM                                   

1.8-fold enhancement 
 

Monomer iii (V-2): 60 nM; Dimer iii (V-2): 30 nM 

2-fold enhancement 

RNA 213 

PTK7 Monomer: 0.86 ± 0.21 nM; Dimer: 0.30 ± 0.06 nM 

2.9-fold enhancement 

DNA 215,274

–278 

HSF1  Monomer: 32 ± 10 nM; Dimer: 0.5 ± 0.1 nM 

64-fold enhancement 

RNA 209 

CTLA-4 Not assessed 2’-F-RNA  279 

4-1BB Not assessed 2’-F-RNA 280 

CD30 Not assessed DNA 281 

OX40 Not assessed 2’-F-RNA 282 

HTR Not assessed 2’-F-RNA 283 

MUC-1 Not assessed DNA 284 

CD4 Not assessed RNA 285 

LAG3 (CD223) Not assessed 2’-F-RNA 286 

DFHBI Not assessed RNA 287 

PSMA Not assessed  DNA 288 
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Supplementary Table S4-2. Affinity enhancement in heterodimeric aptamers for thrombin. 1 

Thrombin-binding aptamers dimerized and compared to their monomeric forms, with dissociation 2 

constants (Kd) provided with standard deviation values where available.   3 

Component  Aptamer                                        Kd (nM) Affinity enhancement  Ref. 

Heterodimer  

Monomer a 

Monomer b  

T3-Boc- T10-Tas                             

T3-Boc                                             

T9-Tas                                             

54 ± 4.7  

60 ± 7.9 

66 ± 22  

No enhancement 219 

Heterodimer  

Monomer a 

Monomer b 

HD1-5dA-60.29                              

HD1                                           

60.29-15dA                                      

4.9 ± 1.6 

50.9.1 ± 6.3 

4.3 ± 2.0    

No enhancement 216 

Heterodimer  

Monomer a 

Monomer b 

4HB-A1-B4                                                      

4HB-A1                

4HB-B4                                                     

~10 

20-50 

>50     

~2-5-fold  214 

Heterodimer  

Monomer a 

Monomer b 

16T                                                        

Bock-15                                                   

Tasset-29                                                

0.12 

2.5 

1.5 

12.5-fold  210 

Heterodimer  

Monomer a 

Monomer b 

Linker 5                          

15-mer                                                  

29-mer                                                    

0.14 

20.2 

3.5 

25-fold  207 

 4 

Supplementary Table S4-3. DNA aptamers for VEGF, distinguished into classes H1, H2, and R1, 5 

with H indicating aptamers specific to the heparin-binding domain, and R indicating those specific 6 

to the receptor-binding domain. Bold indicates class representative used in assessments herein. 7 

Our selection of aptamers chosen as representative of each of the 3 classes prioritized smaller 8 

aptamers, with higher affinity. For class H1, Potty et al. (2009) carried out optimization efforts on 9 

33t (initially derived by Gold and Janjic 225) and determined a version with extensions at both termini 10 

which bound with better affinity,224 therefore +5′GC+3C′ was picked as the H1 class representative. 11 

For class H2, Kaur et al. (2012) carried out optimization efforts on VEa5 (initially derived by 12 

Hasegawa et al.221) and identified a truncated version SL-2B that binds with better affinity,223 thus 13 

SL2-B was picked as the class H2 representative. For the R1 class, Nonaka et al. (2013) 14 

reassessed their truncated aptamer V7T1,221 and compared it with various mutant versions, leading 15 

them to a variant with better affinity termed 3R02.226 Thus 3R02 was picked as the class R1 16 

representative. 17 
Class Aptamer Sequence Ref.  

 
H1 

33t  CCCGTCTTCCAGACAAGAGTGCAGGG 225 
33t-

tuncated 

  CCGTCTTCCAGACAAGAGTGCAGGG 224 

+5′GC+3C′ GCCCGTCTTCCAGACAAGAGTGCAGGGC 224 

 

 
 
 
H2 

VEa 5 ATACCAGTCTATTCAATTGGGCCCGTCCGTATGGTGGGTGTGCTGGCCAGATAGTATGTGCAATCA 222 
Del 5            CCAGTCTATTCAATTGGGCCCGTCCGTATGGTGGGTGTGCTGGCCAG 222 
Del 5-1         ATACCAGTCTATTCAATTGGGCCCGTCCGTATGGTGGGTGTGCTGGCCAG 222 
SL12         ATACCAGTCTATTCAATTGGGCCCGTCCGTATGGTGGG 223 
SL2-B                      CAATTGGGCCCGTCCGTATGGTGGGT 223 
VEap-twj CTGGCCAGATACCAGTCTATTCAATTGGGCCCGTCCGTATGGTGGGTGTGCTGGCCAG 227 
2G19 CTGGCCAGGTACCAAAAGATGATCTTGGGCCCGTCCGAATGGTGGGTGTTCTGGCCAG 227 

 

 
R1 

Vap7 ATACCAGTCTATTCAATTGCACTCTGTGGGGGTGGACGGGCCGGGTAGATAGTATGTGCAATC  221 
V7T1                         TGTGGGGGTGGACGGGCCGGGTAGA 221,289 
3R02                         TGTGGGGGTGGACTGGGTGGGTACC 226 
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Supplementary Table S4-4. The sequences of all DNA aptamers tested in this work. Fluorescein 1 
label indicated by F. Sequence of the first aptamer in each dimer is indicated by an underline.  2 

Name Sequences (5′ to 3′) 

fH1 F- GCCCGTCTTC CAGACAAGAG TGCAGGGC 

fH2  F- CAATTGGGCC CGTCCGTATG GTGGGT 

fR1 F- TGTGGGGGTG GACTGGGTGG GTACC    

nfH1T100   GCCCGTCTTC CAGACAAGAG TGCAGGGCTT TTTTTTTTTT TTTTTTTTTT 

TTTTTTTTTT    

  TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT 

TTTTTTTTTT  

  TTTTTTTT 

nfH2T100   CAATTGGGCC CGTCCGTATG GTGGGTTTTT TTTTTTTTTT TTTTTTTTTT 

TTTTTTTTTT  

  TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT 

TTTTTTTTTT  

  TTTTTT 

H1T0H2 F- GCCCGTCTTC CAGACAAGAG TGCAGGGCCA ATTGGGCCCG TCCGTATGGT GGGT 

H1T10H2 F- GCCCGTCTTC CAGACAAGAG TGCAGGGCTT TTTTTTTTCA ATTGGGCCCG    

  TCCGTATGGT GGGT 

H1T20H2 F- GCCCGTCTTC CAGACAAGAG TGCAGGGCTT TTTTTTTTTT TTTTTTTTCA  

  ATTGGGCCCG TCCGTATGGT GGGT 

H1T30H2 F- GCCCGTCTTC CAGACAAGAG TGCAGGGCTT TTTTTTTTTT TTTTTTTTTT  

  TTTTTTTTCA ATTGGGCCCG TCCGTATGGT GGGT 

H1T60H2 F- GCCCGTCTTC CAGACAAGAG TGCAGGGCTT TTTTTTTTTT TTTTTTTTTT  

  TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT TTTTTTTTCA ATTGGGCCCG  

  TCCGTATGGT GGGT 

H2T0H1 F- CAATTGGGCC CGTCCGTATG GTGGGTGCCC GTCTTCCAGA CAAGAGTGCA GGGC 

H2T10H1 F- CAATTGGGCC CGTCCGTATG GTGGGTTTTT TTTTTTGCCC GTCTTCCAGA       

  CAAGAGTGCA GGGC  

H2T20H1 F- CAATTGGGCC CGTCCGTATG GTGGGTTTTT TTTTTTTTTT TTTTTTGCCC  

  GTCTTCCAGA CAAGAGTGCA GGGC 

H2T30H1 F- CAATTGGGCC CGTCCGTATG GTGGGTTTTT TTTTTTTTTT TTTTTTTTTT  

  TTTTTTGCCC GTCTTCCAGA CAAGAGTGCA GGGC 

R1T0H1 F- TGTGGGGGTG GACTGGGTGG GTACCGCCCG TCTTCCAGAC AAGAGTGCAG GGC 

R1T10H1 F- TGTGGGGGTG GACTGGGTGG GTACCTTTTT TTTTTGCCCG TCTTCCAGAC            

  AAGAGTGCAG GGC 

H2T0R1 F- CAATTGGGCC CGTCCGTATG GTGGGTTGTG GGGGTGGACT GGGTGGGTAC C 

H2T10R1 F- CAATTGGGCC CGTCCGTATG GTGGGTTTTT TTTTTTTGTG GGGGTGGACT  

  GGGTGGGTAC C 

H1T0H1 F- GCCCGTCTTC CAGACAAGAG TGCAGGGCGC CCGTCTTCCA GACAAGAGTG 

CAGGGC 

H1T10H1 F- GCCCGTCTTC CAGACAAGAG TGCAGGGCTT TTTTTTTTGC CCGTCTTCCA  

  GACAAGAGTG CAGGGC 

H1T20H1 F- GCCCGTCTTC CAGACAAGAG TGCAGGGCTT TTTTTTTTTT TTTTTTTTGC  

  CCGTCTTCCA GACAAGAGTG CAGGGC 

H1T30H1 F- GCCCGTCTTC CAGACAAGAG TGCAGGGCTT TTTTTTTTTT TTTTTTTTTT  

  TTTTTTTTGC CCGTCTTCCA GACAAGAGTG CAGGGC 

H1T60H1 F- GCCCGTCTTC CAGACAAGAG TGCAGGGCTT TTTTTTTTTT TTTTTTTTTT  

  TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT TTTTTTTTGC CCGTCTTCCA  

  GACAAGAGTG CAGGGC 

H2T0H2 F- CAATTGGGCC CGTCCGTATG GTGGGTCAAT TGGGCCCGTC CGTATGGTGG GT 

H2T10H2 F- CAATTGGGCC CGTCCGTATG GTGGGTTTTT TTTTTTCAAT TGGGCCCGTC  
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  CGTATGGTGG GT 

H2T20H2 F- CAATTGGGCC CGTCCGTATG GTGGGTTTTT TTTTTTTTTT TTTTTTCAAT  

  TGGGCCCGTC CGTATGGTGG GT 

H2T30H2 F- CAATTGGGCC CGTCCGTATG GTGGGTTTTT TTTTTTTTTT TTTTTTTTTT  

  TTTTTTCAAT TGGGCCCGTC CGTATGGTGG GT 

H2T60H2 F- CAATTGGGCC CGTCCGTATG GTGGGTTTTT TTTTTTTTTT TTTTTTTTTT  

  TTTTTTTTTT TTTTTTTTTT TTTTTTTTTT TTTTTTCAAT TGGGCCCGTC     

  CGTATGGTGG GT 

H1T20H1m F- GCCCGTCTTC CAGACAAGAG TGCAGGGCTT TTTTTTTTTT TTTTTTTTAG  

  GTCGACGGTC ACGCGACTGC GCATCA 

 1 

 2 
Supplementary Figure S4-1. Assessment of the conditions tested for optimization of EMSA for 3 
aptamer B. (A) Binding curves of fH2 with VEGF-165 in the presence of three running buffers: 0.5x 4 
TB (Tris-Borate: 44.5 mM Tris, 44.5 mM Borate, pH 8.3), 0.5x TB + KCl (50 mM), and 0.5x TB + 5 
NaCl (150 mM). (B) EMSA results with gels made of 3.5, 5, 7.5, 10% acrylamide. The running buffer 6 
was 0.5x TB; the gel was made of 0.5x TB. (C) EMSA results made with 5% acrylamide gels 7 
composed of different buffers: 0.5x TB (left gel) or PBS + 50 mM KCl. The running buffer was 0.5x 8 
TB. For each panel, fR1 = 2.5 nM. 9 
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 1 

Supplementary Figure S4-2. Assessment of binding of fH1 with VEGF-121. 2.5 nM fH1 was mixed 2 

with 1.3, 2.6, 5.2, 10.4, 20.8, 41.7, 83.3, 166.7, and 333.3 nM VEGF-121. 3 

  4 

Supplementary Figure S4-3. Fraction of VEGF-165 bound fH2 when 2.5 nM fH2 (black circles) or 5 

2.5 nM nfH2 + 25 nM nfH1 (red triangles) were mixed with 1.3, 2.6, 5.2, 10.4, 20.8, 41.7, 83.3, 6 

166.7, and 333.3 nM VEGF-165. 7 

 8 

Supplementary Figure S4-4. Assessment of linking orientation (5′ to 3′) for heterodimers of 9 
aptamers H1 and H2. (A) Fraction of fluorescent aptamers (2.5 nM) bound with VEGF-165 (10 nM). 10 
Aptamer H2 (lane 1) and four H2TnH1 aptamers were compared in this experiment (n = 0, 10, 20, 11 
30; lanes 2-5). (B) Fraction of fluorescent H1TnH2 (red circle) and H2TnH1 (black triangle) 12 
heterodimers (2.5 nM) bound with VEGF-165 (10 nM).  13 
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 1 
 2 
. 3 
 4 
 5 
 6 

 7 
Supplementary Figure S4-5. Dimers with extended linkers compared. (A) H1T10H2 (red) compared 8 
to H1T60H2 (blue), with representative gel image of H1T60H2 shown in right panel (B) H1T20H1 (red) 9 
compared to H1T60H1 (blue) (C) H2T0H2 (red) compared to H2T60H2 (blue).  10 
 11 
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 1 
Supplementary Figure S4-6. Deactivation of 1:2 binding using a dimeric aptamer containing a 2 

deactivated aptamer domain. (A) Secondary structure of fully functional dimeric aptamer H1T20H1 3 

and partially functional dimeric aptamer H1T20H1m in which the sequence of the second aptamer 4 

domain is scrambled. (B) Binding of 2.5 nM monomeric aptamer H1, H1T20H1, and H1T20H1m with 5 

0, 10, and 125 nM VEGF. Unbound aptamers, 1A-1P complex (A: aptamer; P: protein), and 1A-2P 6 

complex are indicated by unfilled, black and grey arrows, respectively. (C) Lanes 7-9 from panel B, 7 

shown with increased intensity to demonstrate lack of 1A-2P complex with H1T20H1m. (D) 8 

Schematic explanation of what happened between the relevant aptamer and VEGF in lanes 7-9 in 9 

panel B.   10 

 11 

  12 
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 1 

Supplementary Figure S4-7. fH2 and nfH2T100 competition assay. (A) Fluorescent gel image of 2.5 2 
nM fH2 alone (lane 1), and in the presence of 50 nM VEGF-165 (lanes 2-5) as well as 10, 40, 160 3 
nM (lanes 3-5, respectively) nfH2T100.  (B) SYBR gold stained version of same gel. Black line 4 
indicates location of the nfH2T100-VEGF complex across both images of the same gel.  5 
 6 
 7 
 8 

 9 
Supplementary Figure S4-8. Assessment of binding of heterodimeric H1/R1 and R1/H2 aptamers. 10 
Comparative binding of (A) aptamer H1 and two R1TnH1 heterodimers; (B) aptamer H2 and two 11 
H2TnR1 heterodimers. Fraction of each fluorescent aptamer (2.5 nM) bound with VEGF-165 (10 12 
nM) was shown.  13 
 14 

  15 
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Appendix C:  Supplemental Data Chapter 5 1 

Supplementary Materials and Methods  2 

In vitro selection, bioinformatic analysis, and screening- 3 

 4 

Library Synthesis, Purification and Quantification. The selection library, 5 

primers and candidate sequences were synthesized at 100nmole scale by 6 

Integrated DNA Technologies(IDT). Unmodified sequences are obtained desalted 7 

and lyophilized from the manufacturer. Library sequences 8 

(TTACGTCAAGGTGTCACTCC-NNNNNNNNNNNNNNNNNNNNNNNNNNNNN 9 

NNNNNNNNNNN- GAAGCATCTCTTTGGCGTG-3`) are purified on a denaturing 10 

10% polyacrylamide gel containing 8M urea in a TBE buffer system. Gels are 11 

imaged by UV shadow and the full-length synthesis product band is excised. The 12 

gel fragment is crushed and eluted using DNA Elution Buffer (10mM Tris pH 7.5, 13 

200mM NaCl, 1mM EDTA) to recover the DNA oligo from the gel. The DNA is then 14 

precipitated from the eluate by addition of absolute ethanol to a final concentration 15 

of 70%, followed by centrifugation at 21,000xG for 15 minutes. After precipitation, 16 

the DNA pellet is washed with fresh 70% ethanol and residual ethanol is removed 17 

by evaporation. The DNA pellet in resuspended in 100uL water and the 18 

absorbance at 260nm is determined on a Nanovue spectrophotometer (GE). The 19 

A260nm value is then used to calculate the molarity of the DNA using the sequence 20 

on an online calculation tool 21 

(http://biotools.nubic.northwestern.edu/OligoCalc.html). 22 

Oligo Radio-labelling. Library sequences and candidate sequences are 23 

radiolabeled to allow for tracking during selection as well as estimates of loss and 24 

recovery at various points in selection by Geiger counter. In a 20uL reaction, 25 

~10pmol of unlabeled DNA oligo is phosphorylated with ~20uCi 32p-ɣATP (Perkin 26 

Elmer) using 5u polynucleotide kinase (Lucigen) and incubated at 37°C for 30 27 

minutes. The phosphorylation reaction is then purified on a 10% denaturing PAGE 28 

gel as described above to remove unincorporated ɣATP. The product band is 29 

excised and purified by crush-soak elution, ethanol precipitation and resuspended 30 

in 20uL water.  31 

Protein Binding to Ni-NTA Magnetic Beads. Immediately prior to selection, 32 

his-tagged VEGF-165 (Acro Biosystems) is immobilized on Ni-NTA Magnetic 33 

Beads (Qiagen). VEGF-165 is bound at a concentration of 3µg protein per 10uL 34 

magnetic bead suspension in 75uL 1X Binding Buffer. The appropriate volume of 35 

magnetic bead suspension is first aliquoted and separated on a magnetic rack and 36 

the storage buffer is removed. The magnetic beads are then resuspended in 1X 37 

Binding Buffer and the appropriate amount of protein. The binding reaction is then 38 

incubated at 4°C for 1 hour on a rotator. Following binding, the magnetic beads are 39 

separated, and the binding buffer is removed, followed by a wash an equal volume 40 

of 1X wash/selection buffer. After the magnetic beads are once again separated 41 

http://biotools.nubic.northwestern.edu/OligoCalc.html
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and the wash buffer is removed, the bead-bound protein is ready for use in 1 

selection. 2 

Positive Selection. The selection reaction is prepared by adding 3 

radiolabeled DNA library in sufficient quantity to allow for tracking by Geiger 4 

counter, ideally >20,000 CPM per reaction. Unlabeled DNA library is then added 5 

to achieve the final concentration, followed by 10X Selection Buffer and water. For 6 

efficient magnetic separation, selection reactions are performed at >=25uL 7 

reaction volumes, typically 50uL. The radioactivity of the sample is measured using 8 

a Geiger counter by placing the reaction tube in a rack to position the sample a 9 

fixed distance from the probe, this helps to improve measurement consistency. A 10 

reading in counts per minute (CPM) is taken after the meter has stabilized, typically 11 

20 seconds. The selection reaction is then heated at 90°C for 1 minute followed by 12 

cooling at room temperature for 5 minutes. Immediately after cooling, magnetic 13 

bead-bound protein is resuspended in the library mixture to start the selection 14 

reaction. Selection reactions are incubated at 37°C for 1 hour on a rotator. 15 

Following incubation, the magnetic beads are separated, and the unbound fraction 16 

is removed to a separate tube. The beads are then washed with an equivalent 17 

volume of pre-warmed 1X Wash Buffer at 37°C for 1 minute, followed by magnetic 18 

separation and removal of the wash buffer to a separate tube. The wash step is 19 

repeated a further 2 times to yield 3 wash fractions. Magnetic beads are then eluted 20 

with an equivalent volume of 1X Elution Buffer at 65°C for 10 minutes, followed by 21 

magnetic separation and removal of the Elution 1 fraction to a separate tube. The 22 

elution is repeated once more with incubation at 90°C followed by recovery of the 23 

Elution 2 fraction. The radioactivity of each recovered fraction is then measured as 24 

described previously.  25 

PCR 1 Library Amplification. DNA recovered in the Elution 1 fractions was 26 

used as template for PCR 1 to generate an archival pool for the selection round as 27 

well as template material for bulk PCR 2 amplification to regenerate library for 28 

subsequent selection rounds, binding assays and sequencing pools. PCR 29 

reactions were setup in 50uL volumes containing 1uL Elution 1 eluent, 500nM V1-30 

F primer, 500nM V1-R primer, 200µM dNTP (G-Biosciences), 1X PCR buffer, 2.5u 31 

Taq DNA Polymerase (Genscript). Reactions were cycled at 95°C for 1 minute, 32 

followed by repeating cycles of 95°C for 30 seconds, 50°C for 30 seconds and 33 

72°C for 30 seconds. The amount of DNA library can vary over the course of 34 

selection, therefore its necessary to optimize each PCR 1 reaction to determine 35 

the optimal number of amplification cycles required to yield a consistent final DNA 36 

concentration. The optimal number of amplification cycles is determined by taking 37 

5uL aliquots from the PCR reaction at even cycle numbers (e.g. 6, 8, 10, 12, 14) 38 

to run on a 3% TBE agarose gel stained with SybrSafe (Thermofisher) to check for 39 

appropriate product size and yield. In early selection rounds (1-4) the entire was 40 

Elution 1 eluent volume was used for PCR 1 amplification by performing multiple 41 

reactions followed by pooling. In later rounds, ~10% of the Elution 1 eluent was 42 

used for PCR 1. The pooled reactions from the amplification cycle determined by 43 

agarose gel to be optimal were diluted 1:50 in water and archived at -20°C. 44 
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PCR 2 Library Amplification. The bulk amplification of the DNA library for 1 

the next selection was setup as described in PCR 1 using the diluted PCR 1 2 

product as template in place of selection eluent and using the V1-R primer with the 3 

blocked V1-R-SP18 primer. The cycling conditions were optimized as described in 4 

rounds 1 and 2 after which the same cycling conditions were used with minor 5 

changes without reoptimization. After cycling, PCR reactions were pooled and 6 

concentrated by ethanol precipitation. Concentrated PCR reactions were then 7 

purified by denaturing PAGE as described previously. Product bands were 8 

visualized by UV shadow, a higher band (100nt) corresponds to the antisense 9 

strand while the lower band (80nt) corresponds to the sense product. The sense 10 

product band was excised and purified by crush-soak elution. Multiple elution 11 

fractions were resuspended in 20uL water and quantified by A260 using a Nanovue 12 

spectrophotometer. This product was then used for radiolabeling and selection. 13 

PCR Amplification for Illumina Sequencing. Generation of library samples 14 

for sequencing were performed using the PCR reaction as described for PCR 2 15 

replacing V1-F and V1-R-SP18 with MiSeq-V1-F and MiSeq-V1-R primers 16 

respectively. MiSeq primers contain hybridization and tag sequences necessary 17 

for Illumina sequencing in addition to the library-specific hybridization domains. The 18 

cycling conditions were as described in PCR 2. Typically, 8 replicate reactions were 19 

performed for each sequencing pool. After cycling, replicate reactions were pooled 20 

and ethanol precipitated followed by purification on 2% TBE agarose gel stained 21 

with SybrSafe. The additional sequence contributed by MiSeq primers results in an 22 

amplicon size of ~200bp. Product bands are visualized, and gel slices excised on 23 

a blue-light transilluminator (Safe Imager, Thermofisher). DNA amplicons are 24 

purified from gel slices using a commercial gel extraction kit (Nucleospin Gel and 25 

PCR Clean-Up Kit, Macherey-Nagel) and eluted in 20uL Tris-EDTA kit elution 26 

buffer. Final yield was quantified by A260 using a Nanovue spectrophotometer. An 27 

equimolar mixture of multiple sequencing pools was assembled and sequenced on 28 

an Illumina MiSeq sequencing using a 2x150bp paired-end kit at the Farncomb 29 

Metagenomics Facility, McMaster University. 30 

Sequencing and Bioinformatic analysis. Sequencing libraries for individual 31 

selection rounds are prepared using the archived primary PCR product as template 32 

and amplified in a PCR reaction using forward and reverse library primers modified 33 

to include binding and barcoding sequences for Illumina DNA sequencing. PCR 34 

reaction and cycling conditions match those used for secondary PCR. Each 35 

sequencing pool to be analyzed is amplified using a common forward primer and 36 

a unique reverse primer containing a pool-specific 6nt barcode sequence. Multiple 37 

pools each with a unique barcode can be sequenced simultaneously in a multiplex 38 

Illumina sequencing run. Amplified sequencing pools are size purified by agarose 39 

gel.  40 

Sequencing reactions are run on an Illumina MiSeq sequencer using a 41 

150bp paired-end read kit at the Farncomb Metagenomics Facility, McMaster 42 

University. Raw sequencing data consists of paired-end sequence and read quality 43 

data in two FASTQ format files, one for each DNA strand.   44 
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Using the Cutadapt software package, forward and reverse library primer 1 

sequences are trimmed from the forward and reverse reads respectively. The 2 

trimmed forward and reverse reads are then merged into a consensus sense 3 

overlap sequence using the USEARCH software package. Only sequences which 4 

possess perfect complementarity in the overlap region are passed on to yield a 5 

FASTA file containing sense reads of only the random library domain. This random 6 

domain sequence file is then dereplicated using USEARCH to produce a FASTA 7 

file containing only unique sequences with sequence identifiers noting the copy 8 

number of each unique sequence. Comparing the total number of sequences after 9 

read merging to the number of unique sequences after dereplication gives a 10 

measure of the sequence diversity in the pool.   11 

Analysis of the base frequency is calculated by importing unique sequence 12 

reads into Excel and determining the base composition of each sequence with copy 13 

>1 using custom VBA scripts. The overall pool base composition is then expressed 14 

as a mean and standard deviation of unique sequence base compositions in the 15 

pool of interest.   16 

Cross-pool sequence analysis is performed by importing unique sequence 17 

reads into Excel for all pools of interest. One sequence pool is chosen as the query 18 

pool, typically the latest selection round, to be used as the reference for sequence 19 

data ranking. Using built-in Excel functions, query pool sequences are cross-20 

referenced across other sequencing pools to build a table showing the fractional 21 

representation of a given sequence across rounds. Excel sorting functions can then 22 

be used to sort filter and group sequences to generate a variety of ranking lists.  23 

Multiple sequence alignments (MSA) are performed using the 50 most 24 

abundant unique sequences generated using Clustal Omega algorithm version 25 

1.2.4,259 accessed at EMBL-EBI. 263  The resulting alignment file in FASTA format 26 

is converted to a sequence logo using the WebLogo software package version 27 

3.6.261 28 

  29 
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Supplementary Tables and Figures  1 

Supplementary Table S5-1. Multiple sequence alignment of top 50 most enriched sequences in 2 

round 11e (2.5E-9M VEGF-165). Generated using Clustal Omega algorithm version 1.2.4,259 3 

accessed at EMBL-EBI.263   4 
4 7       - - - - - - - - - - - CT GCA T GCGA A AT CG G G GT A C C CT C CG GAT G G G G GCT GT T T - - - - - - - -  5 
1 5       - - - - - - - - - - - CGCT GT A T CT G GT T A T G G G G G GT T C CGA AT G GT G G GC CGA G- - - - - - - -  6 
5        - - - - - - - - - - - - - - - - - - - - - - C CGT G G G G GC CT T C CGA AT G G G G GCGT GA GA GT GT CT C 7 
3 7       - - - - - - - - - - - - - - - - - CT G GA G G GT G G G G GC CT T C CGA AT G G G G GCGT GCT GCA GT T - -  8 
2 4       - - - - - - - - - - - - - - - - - - - - - - - C CGCT T GT A GCT C CGA AG G G G GCGCT G GT T GT T G G- -  9 
4 2       - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C CGCG GC CA A ACA CG GCG G GT C CGA ACG GC 10 
1 8       - - - - - - - - - - - - - - - - - - - - - - - C C CGT G GT G GCT C CGA AT G G G G GA ACGT GT G GT T T T C 11 
7        - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C CGC C C CGA AT G GT T GA AG G GAG GA C C CA G 12 
2 1       - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - CGT C C CGA AT G GCT GA AG GA GT GCT GA CG 13 
2 8       - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - CGC C C CGA AT G GT T GA AG GA GT GT CA GT C 14 
2 3       - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C CGT C C CGA AT G GCGA AG G GA GA G GA ACA A 15 
3 2       - - - - - - - - - - - - - - - - - - - - - - - - - - - - - CA CGT C C CGA AT G GCGA AGT GA G GT GAC CGA  16 
4 1       - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - CT GC C C CGA AT G GT GA A AG GT GA CA CGA GT  17 
3 5       - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - CGC C C CGA AT G GT GA AG GA GT GT CT CGT A  18 
1 7       - - - - - - - - - - - - - - - - - - - - - - - - - - - - CA C CGT C C CGA AT G GCGA AG GT G GCT A T A CT C 19 
4        - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C C CGT C C CGA AT G GCGA AG G G GAT G GCT A AG 20 
1 2       - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C C CGT C C CGA AT G GCGA AG G G GT GCA CA GT T  21 
1 6       - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C C CGT C C CGA AT G GT GA AG G G G G GA ACGA CG 22 
2 0       - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C CGT C C CGA AT G GT GA AG G GA T GA C CGT T C 23 
1 9       - - - - - - - - - - - - - - - - - - - - - - - - - - - CG G GA G GT C CGA AT G G GT G GAT C CG GA G G GA GT  24 
4 9       - - - - - - - - - - - - - - - - - - - - - - - - - - - - - CGA G GT C CGA AT G G GT G GAG GA T GA CG GCGC 25 
3 3       - - - - - - - - - - C CGCA ACT T A ACG GT CT T C CGCT GT C CGA AT G G GT CGT T A G- - - - - - - - -  26 
3 8       - - - - - - - - - - - - - - - - - - - - - - - - - - - - - CG GT GT C CGA AG G G GT CGT T A G GA GT G GC CG 27 
4 4       - - - - - - - - - - - - - - - - - - - - - - - - - - - - - CGA T GT C CGA AG G G GT CGT T A G GA GT AT CT G 28 
2 6       - - - - - - - - - - - - - - - CG GC CG- - - - - - - - - T A AC C C CA CT G GA A AGA GC CT T T T T G GCG G 29 
3 1       - - - - - - - - - - - - - - C CT T GA T - - - - - - - - - A T G GC C CA CT GCA T A GA GCGT T T A GCG GT G 30 
3 9       - - - - - - - - - - - CT C C CG GT CGA T G- CT G GA AG G GT C CGA AG G G G G G GCGT A T G- - - - - - -  31 
4 3       - - - - - - - - - - - - - - - - - - - - - - - - - CT T GA T A G GC C CA CT GCA GA GT GT CT A A AT CGT CG 32 
3 0       - - - - - - - - - - - - - - - - - - - CT GCA - CG- - - T T AC C C CA CT G GA GA GT GT T T AT GA AT GCG 33 
1 4       - - - - - - - - - - - - - - - - - - - C CGT A - CT GAGT CG GT C CGA AT G GCG GT CT T A CA T CT T C CT  34 
4 5       - - - - - - - - - - - - - - - - - - - C CGT A - CT GAGT CG GT C CGA AT G GCG GT CT T A CA C CT T C CT  35 
2 7       - - - - - - - - - - - - - - - - - - - - - - - - - CT A CA C CG GT C CGA AT G G GA GT A AT A CT GT A AT G G 36 
3 4       - - - - - - - - - - - - - - - - - - - - - - CT - CT A CA C CG GT C CGA AT G G GA GT A AT GAT GT T CGT G 37 
6        - - - - - - - - - - - - - - - - - - - - - - - - - - CA CA C CG GT C CGA AT G G GA GT A AT A AT A G GT G GT  38 
2 5       - - - - - - - - - - - - - - - - - - - - - - - - - - CA CA C CG GT C CGA AT G G GA GT CA AT CA AT AGCA G 39 
8        - - - - - - - - - - - - - - - CGC CGT G GT - G GA CA AGAG G GCA G GCG GAT A T C CT G G G GCT G- - -  40 
5 0       C CGCAGC CT A ACT T C CGT CGT G GT - A GA CT A GAGT GCA GAT G- - - - - - - - - - - - - - - - - -  41 
3        - - - - - - - - - - - - - - CT AG G G GT C C- A G GCGA AGCT T A GT AG G G GT GT C C C CT C C CA- - - -  42 
9        - - - - - - - - - - - - - - CT AG G G GT C C- A G GCGA AGCT T A GT AG G G GT GT T C C CT C C CA- - - -  43 
4 0       - C C C CGC C C C- T AC CA C CT G GA GT - T A AGT GCGT C C CGA AT G GT - - - - - - - - - - - - - - - -  44 
4 8       - - - CAC CA AC- - - - - - C CG G G GCA - A AT GCGA GCT C CGA AT G G GA T T GT CT - - - - - - - - -  45 
1 1       - - - - - - C CT A - C CGCGCG G G GT A C- CT GAG GA AGT C CGA AT G G GT GT C C- - - - - - - - - - -  46 
4 6       - - - CGCA AT G- GC CGC C C CT A A AC- A T GCT GA G GT C CGA AT G G GT G- - - - - - - - - - - - - -  47 
2 9       C CA CGCGA AG- GT CT A T T T T A ACG- C CA CT T T AGT C CGA AT G G- - - - - - - - - - - - - - - - -  48 
2        C C CGT CA C C C- G GT A T T G GT AT GC- T GT CT T T AGT C CGA AT G G- - - - - - - - - - - - - - - - -  49 
2 2       C CGCGCA T GT - A CA A AT CT A GT GC- T GT CT T T AGT C CGA AT G G- - - - - - - - - - - - - - - - -  50 
1 3       C C C C CA T A T T - GC C CT CA T GAT GC- T GT CT T CAGT C CGA AT G G- - - - - - - - - - - - - - - - -  51 
1        C C CGCGCA GC- CAT T A GA GCT T GC- T GT CT T CAGT C CGA AT G G- - - - - - - - - - - - - - - - -  52 
1 0       CA C C CA C CAT - T AGC CGT CA T T GC- T GT CT T T AGT C CGA AT G G- - - - - - - - - - - - - - - - -  53 
3 6       CA GA AGC CAC- CACGT T CA A AT GC- T GT CT T T AGT C CGA AT G G- - - - - - - - - - - - - - - - -  54 
 55 
 56 
 57 
 58 
 59 
 60 
 61 
 62 
 63 
 64 
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Supplementary Table S5-2. Multiple sequence alignment of top 50 of 221 unique sequences 1 

remaining following elimination of H1, H2, and H3 from the top 2000 in round 11e. Generated using 2 

Clustal Omega algorithm version 1.2.4,259 accessed at EMBL-EBI.263   3 
1 2 9       - - - - - - - - - - - - - - - CA CA - - CGT CT A T T A GACT AGA GT GCA GT GT G G G G GC CGCT T C- -  4 
7 0        - - - - - - - - - - - - - - - - C CG- - C CGT GT GT G GACT AGA G G GCA G GCG G GC CGCGCT T CA C-  5 
1 0 1       - - - - - - - - - - - - - - - - - - - - - - C CGT G GT G GACT AGA G G GCA G G GA GT GCT CA AG GA CGA  6 
3 5 5       - - - - - - - - - - - - - - - - - - - - - C C CGT G GT G GACT AGA G G GCA G G G GAG G GCA T T GC CGCA  7 
1 5 8       - - - - - - - - - - - - - - - - - - - - - C C CGT G GT G GACT AGA G G GCA G G G G GT GA T T T T GCT GT C 8 
1 6 1       - - - - - - - - - - - - - - - - - - - - - - C CGT G GT G GACT AGA G G GCA G G GA GT GT GT GA C CA GT G 9 
1 3 5       - - - - - - - - - - - - - - - - - - - - - - C CGT G GT A GACT AGA GT GCA G G GT G GA CAC CA G GT CG G 10 
1 4 4       - - - - - - - - - - - - - - - - - - - - - C C CGT G GCA GACT AGA GT GCA G G G GT GT GAT GT G GT GT G 11 
1 4 3       CA T G G GCG GT T CG GA T GCT - - GA CGT G GT G GACT AGA G G GCA G- - - - - - - - - - - - - - - - -  12 
5 0        - - - C CGCAGC CT A ACT T C C- - GT CGT G GT A GACT AGA GT GCA GA T G- - - - - - - - - - - - - -  13 
1 1 9       - - - - - - - - - - - CGA GACGC- - GA CGT G GT A GACT AGA GT GCA G GA GCGC CGCA G- - - - - -  14 
3 2 5       - - CA- - - - - T GCGCT CGCG G GA CT G GT AGCT C CGA AG G G G GCGCT CGT - - - - - - - - - - - -  15 
2 4        - - - - - - - - - - - - - - - - - - - C CGCT T GT AGCT C CGA AG G G G GCGCT G GT T GT T G GC- A CT T  16 
6 5        - - - - - - - - - - - - - - - - - - - CG GCT G GT AGCT C CGA AG G G G GCGCT G G G GT GA T CG- CG G G 17 
1 3 9       C C CACGCGA C CG GC C CT T T GA CT A A AT GCGT C C CG GA T G GT - - - - - - - - - - - - - - - - - - -  18 
3 4 4       - C C CA GCGCGCGA AT A AT C CA A A AGA T GCGT C C CG GA T G GCT - - - - - - - - - - - - - - - - - -  19 
3 8 3       - C C C CG GCA AC C C CT A AT A A AC CAGA T GCGT C C CG GA T G GT C- - - - - - - - - - - - - - - - - -  20 
4 7        - - - - - - - - CT GCA T GCGA A AT CG G G GT AC C CT C CG GA T G G G G GCT GT T T - - - - - - - - - - -  21 
3 8 5       - - - - - - CGCA CGT A CGCT GCA CT G G G G GC CT T C CG GA T G G G G GCT GT - - - - - - - - - - - - -  22 
3 9        - - - - - - CT C C CG GT CGA T - - - GCT G GA AG G GT C CGA AG G G G G G GCGT A T G- - - - - - - - - -  23 
1 6 4       - - - - - CT G G GCGT A T G G G- - - GA G GA CT GA T GCGAG GT C CG- GA T G G GT G- - - - - - - - - -  24 
2 8 5       - - - - C CGC C C CGA ACG GT - - - GA AG G GT GT GAT A T A A AGC C- G GC CT G G- - - - - - - - - - -  25 
2 5 1       - - - CA CGT C C CGA ACG GC- - - GA AGT G GA G GAGT CA T T GT G- GC CT G G- - - - - - - - - - - -  26 
8 9        CGA GC CGT C C CG GA T G GT - - - GA AG GCGA G GT CT T CG GC CG- G G G- - - - - - - - - - - - - - -  27 
1 2 2       - - - C C CGT C C CG GA T G GC- - - GA AG G G GT A GT CT CT T A GT G- C CGCG G- - - - - - - - - - - -  28 
2 9 7       - - - - C CGT C C CG GA T G GC- - - GA AG G GAGA GA AC CG GCGCG- GT G G G G- - - - - - - - - - - -  29 
1 5 9       - - C CGCA GA T C CGA AG G G- - - GA CA AG G GT G- - - - - - - - - - A C- CT G GT G G G GT T - G G- -  30 
1 8 0       - - - CA G GAGT C CGA ACG G- - - GT GC CT G GT G- - - - - - - - - - A AC CG G GT G GCGCG- G G- -  31 
3 6 3       - - - C CGA G GT C CG GA T G G- - - GT G GA G G G GT - - - - - - - - - - GCA GCA AT G G GT CG- G G- -  32 
1 9 5       - - - - - - - - - - - CT A GCT C- - - T T G G GT C CG GAT G GCG- - - - GAG G GCT T G GCT A G- A CT A  33 
2 9 9       - - - - - - - - - - - - - - CAT CG- - GT G G GT C CGA ACG GCG GCA G G GT A T G GT G GCGA T - A T - -  34 
4 2        - - - - C CGCG GC CA A ACA CG- - GCG G GT C CGA ACG GCA GCGC C CG G G G- - - - - - - - - - - - -  35 
3 5 6       - - - - C CG G GT C CGA ACG G- - - GT ACG G GT GCAC CGCT A GT GC CG GCG G- - - - - - - - - - - -  36 
3 8        - - - - CG GT GT C CGA AG G G- - - GT CGT T AG GA GT G GC CG GT G G G G GCG G- - - - - - - - - - - -  37 
4 4        - - - - CGA T GT C CGA AG G G- - - GT CGT T AG GA GT A T CT GCA G GT G G GT G- - - - - - - - - - - -  38 
8 7        - - CT A T GCT C C C- GA GT T - - - CT G GCGA AGCT A AGCT GA- - - T C CGT CT A - - - - - - - - - -  39 
3         - - - - - - - - CT A G- G G GT C- - - CA G GCGA AGCT T A GT A G G- - - G GT GT C C C CT C C C- A - - -  40 
9         - - - - - - - - CT A G- G G GT C- - - CA G GCGA AGCT T A GT A G G- - - G GT GT T C C CT C C C- A - - -  41 
1 6 3       - - - - - - - - C CA G- G G GT C- - - CA G GCGA AGCT T A GT A G G- - - G GT GT T C C CT C C C- A - - -  42 
2 1 2       - - - - - - - - C CA G- G G GT C- - - CA G GCGA AGCT T A GT A G G- - - G GT GT C C C CT C C C- A - - -  43 
2 6 5       - - - - - - - - - - - - - CGAG G- - - G GC CA G GCA GCGA GA T GC- - - T GT CT T CA GT C CG- A ACG 44 
8 2        - - - - - - - - - - - - - C C C CT - - - CGAGT CT GT GC CGT A T GC- - - T GT CT T T A GT C CG- GA T G 45 
2 1 0       - - - - - - - - - - - - - C C CG G- - - T C CA T A T A GA GA G GA T GC- - - T GT CT T CA GT C CG- GA T G 46 
2 0 2       - - - - - - - - - - - - - C C CA A- - - C CGA CGT CG GAGT AT GCT - - - GT CT T T T A GT C CG- A ACG 47 
2 1 7       - - - - - - - - - - - - - CA CA G- - - C C CG GA T CGT T CA CT A CG- - - C CA CT T T A GT C CG- A ACG 48 
3 0 1       CGCT T CGT A G G G- GCT CG- - - GT AGT CG GA AT CA G GA A A- - - G GT CT C- - - - - - - - - - - -  49 
1 8 4       - - - CA G GC C CG G- - - - - C- - - G GT CT T T CT T GCT GT A T G- - - G GT CT T CA GT C CG- - - - -  50 
2 0 7       - - CT A G GCG G G G- - - - - G- - - A GT CT G GCA AT GCG GA T G- - - G GT CT T T A GT C C- - - - - -  51 
6 2        - - - - - C C C CGCG- CA CT C- - - T T CG GCGT T GT C CG GA T G- - - G GT CGT T A GC C- - - - - - -  52 
2 8 2       - - CACG GC C C CT - A ACGT - - - A T T CA G GT T GT C CG GA T G- - - G GT CGC CT - - - - - - - - - -  53 
                                                                      54 
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Supplementary Table S5-3. Multiple-round trend analysis. A comparison of relative abundance in 1 

rounds 11d vs 11c, and 11e vs 11c. Shown, are the top 50 of 221 sequences remaining following 2 

the elimination of candidates from H1-3 classes from the top 2000 in round 11e. 3 
rank 

(round 
11e) 

Copy 
number Sequence 

11d/ 
11c 

11e/ 
11c 

3 2815 CTAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTCCCCTCCCA 3.8 2.0 

9 1457 CTAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTTCCCTCCCA 1.5 1.6 

24 742 CCGCTTGTAGCTCCGAAGGGGGCGCTGGTTGTTGGCACTTG 0.8 1.0 

38 498 CGGTGTCCGAAGGGGTCGTTAGGAGTGGCCGGTGGGGGCGG 1.4 0.7 

39 454 CTCCCGGTCGATGCTGGAAGGGTCCGAAGGGGGGGCGTATG 1.3 0.8 

42 434 CCGCGGCCAAACACGGCGGGTCCGAACGGCAGCGCCCGGGG 0.9 0.4 

44 422 CGATGTCCGAAGGGGTCGTTAGGAGTATCTGCAGGTGGGTG 1.6 0.8 

47 392 CTGCATGCGAAATCGGGGTACCCTCCGGATGGGGGCTGTTT 0.9 0.6 

50 366 CCGCAGCCTAACTTCCGTCGTGGTAGACTAGAGTGCAGATG 0.9 0.9 

62 333 CCCCGCGCACTCTTCGGCGTTGTCCGGATGGGTCGTTAGCC 1.1 0.5 

65 326 CGGCTGGTAGCTCCGAAGGGGGCGCTGGGGTGATCGCGGGG 1.8 0.8 

70 315 CCGCCGTGTGTGGACTAGAGGGCAGGCGGGCCGCGCTTCAC 1.3 1.3 

82 270 CCCCTCGAGTCTGTGCCGTATGCTGTCTTTAGTCCGGATGG 1.1 1.0 

87 257 CTATGCTCCCGAGTTCTGGCGAAGCTAAGCTGATCCGTCTA 0.9 0.6 

89 255 CGAGCCGTCCCGGATGGTGAAGGCGAGGTCTTCGGCCGGGG 0.9 0.9 

101 225 CCGTGGTGGACTAGAGGGCAGGGAGTGCTCAAGGACGAGGG 1.3 0.9 

119 188 CGAGACGCGACGTGGTAGACTAGAGTGCAGGAGCGCCGCAG 1.4 1.0 

122 179 CCCGTCCCGGATGGCGAAGGGGTAGTCTCTTAGTGCCGCGG 1.0 1.3 

129 174 CACACGTCTATTAGACTAGAGTGCAGTGTGGGGGCCGCTTC 0.8 1.0 

135 169 CCGTGGTAGACTAGAGTGCAGGGTGGACACCAGGTCGGGTA 0.8 0.7 

139 166 CCCACGCGACCGGCCCTTTGACTAAATGCGTCCCGGATGGT 0.8 0.7 

143 160 CATGGGCGGTTCGGATGCTGACGTGGTGGACTAGAGGGCAG 1.3 0.7 

144 160 CCCGTGGCAGACTAGAGTGCAGGGGTGTGATGTGGTGTGGG 0.8 0.8 

158 150 CCCGTGGTGGACTAGAGGGCAGGGGGTGATTTTGCTGTCCG 1.3 1.3 

159 149 CCGCAGATCCGAAGGGGACAAGGGTGACCTGGTGGGGTTGG 1.0 1.3 

161 148 CCGTGGTGGACTAGAGGGCAGGGAGTGTGTGACCAGTGCGC 1.0 1.3 

163 146 CCAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTTCCCTCCCA 1.2 0.8 

164 146 CTGGGCGTATGGGGAGGACTGATGCGAGGTCCGGATGGGTG 0.7 0.4 

180 136 CAGGAGTCCGAACGGGTGCCTGGTGAACCGGGTGGCGCGGG 0.9 0.5 

184 133 CAGGCCCGGCGGTCTTTCTTGCTGTATGGGTCTTCAGTCCG 0.7 1.0 

195 129 CTAGCTCTTGGGTCCGGATGGCGGAGGGCTTGGCTAGACTA 1.8 0.8 

202 125 CCCAACCGACGTCGGAGTATGCTGTCTTTTAGTCCGAACGG 0.8 0.8 

207 123 CTAGGCGGGGGAGTCTGGCAATGCGGATGGGTCTTTAGTCC 0.7 1.0 

210 122 CCCGGTCCATATAGAGAGGATGCTGTCTTCAGTCCGGATGG 1.0 1.0 

212 122 CCAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTCCCCTCCCA 3.0 1.5 

217 119 CACAGCCCGGATCGTTCACTACGCCACTTTAGTCCGAACGG 0.7 1.0 

251 103 CACGTCCCGAACGGCGAAGTGGAGGAGTCATTGTGGCCTGG 1.0 1.5 
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265 98 CGAGGGGCCAGGCAGCGAGATGCTGTCTTCAGTCCGAACGG 1.3 1.0 

282 91 CACGGCCCCTAACGTATTCAGGTTGTCCGGATGGGTCGCCT 1.0 1.0 

285 91 CCGCCCCGAACGGTGAAGGGTGTGATATAAAGCCGGCCTGG 1.0 1.0 

297 87 CCGTCCCGGATGGCGAAGGGAGAGAACCGGCGCGGTGGGG 1.0 0.5 

299 86 CATCGGTGGGTCCGAACGGCGGCAGGGTATGGTGGCGATAT 0.8 0.4 

301 86 CGCTTCGTAGGGGCTCGGTAGTCGGAATCAGGAAAGGTCTC 2.0 0.7 

325 79 CATGCGCTCGCGGGACTGGTAGCTCCGAAGGGGGCGCTCGT 1.0 1.0 

344 75 CCCAGCGCGCGAATAATCCAAAAGATGCGTCCCGGATGGCT 1.0 1.0 

355 74 CCCGTGGTGGACTAGAGGGCAGGGGAGGGCATTGCCGCACC 1.0 2.0 

356 74 CCGGGTCCGAACGGGTACGGGTGCACCGCTAGTGCCGGCGG 1.0 1.0 

363 74 CCGAGGTCCGGATGGGTGGAGGGGTGCAGCAATGGGTCGGG 1.0 0.7 

383 71 CCCCGGCAACCCCTAATAAACCAGATGCGTCCCGGATGGTC 1.0 1.0 

385 70 CGCACGTACGCTGCACTGGGGGCCTTCCGGATGGGGGCTGT 1.0 1.0 

  1 
Supplementary Table S5-4. The sequences of all DNA aptamers tested in this work.  2 

Name Sequences (5′ to 3′) 

H2r1 TTACGTCAAGGTGTCACTCC CCGCGCAGCCATTAGAGCTTGCTGTCTTCAGTCCGAATGG 

GAAGCATCTCTTTGGCGTG 

H2r3 TTACGTCAAGGTGTCACTCC CTACCGCGCGGGGTACCTGAGGAAGTCCGAATGGGTGTCC 

GAAGCATCTCTTTGGCGTG 

H2r6 TTACGTCAAGGTGTCACTCC CCGTCCCGAATGGCGAAGGGGATGGCTAAGTAGCGTGGGG 

GAAGCATCTCTTTGGCGTG 

H1r18 TTACGTCAAGGTGTCACTCC GCCGTGGTGGACAAGAGGGCAGGCGGATATCCTGGGGCTG 

GAAGCATCTCTTTGGCGTG 

H3r98 TTACGTCAAGGTGTCACTCC ACCGGCGTAACCCCACTGGAGAGTGTAATTGGGCGGGCAG 

GAAGCATCTCTTTGGCGTG 

H3r117 TTACGTCAAGGTGTCACTCC CAGCCCACTGCATAGTGTCTCTACCAATACTTCTTGCTTC 

GAAGCATCTCTTTGGCGTG 

H4r3 TTACGTCAAGGTGTCACTCC CTAGGGGTCCAGGCGAAGCTTAGTAGGGGTGTCCCCTCCCA 

GAAGCATCTCTTTGGCGTG 

 3 

A                                                                   B 4 

 5 
Supplementary Figure S5-1. Dot-blot, for library response to VEGF-165 and VEGF-121. (A) 6 
Nitrocellulose layer, where complexes of protein-DNA are captures, as indicated by the darker 7 
signal. (B) Nylon layer, where DNA that remains unbound by the target is visible.  8 
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A 1 

B 2 

Supplementary Figure S5-2.  Major clusters identified in a de novo selection for VEGF-165. (A)  3 
Figure summarizing alignment and clustering as determined by recursive multiple sequence 4 
alignment carried out on the top 200 sequences from round 10b. Level one (L1) clustering refers to 5 
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clustering sequences sharing 90% sequence identity (e.g. 36/40 nts), while L2 and L3 clusters 1 
shown in panel A are based on the presence of motifs known to be responsive to VEGF-165. They 2 
include  “H1” – 5`AAGAG`3, which is found in “L2C11” – TGGACWAGAGGGCAG; W = A or T, an 3 
expanded class corresponding to H1 aptamer’s motif;224,225 “H2” – 5`CCGWATGG`3,  found in  4 

“L3C1”– a class corresponding to H2 aptamer’s motif, 222,262 found across several L2 subclusters 5 
with varying positioning of the motif. In addition to "L3C33” – SCCCACTGSA; S = C or G, an 6 
expanded new class corresponding to new motif L2C33 and L2C36. (C) Cluster name is shown on 7 
the left, with the classification used herein detailed on the right side for H1-3. Middle portion shows 8 
sequence logos generated after clustering of class representatives. Stack width is proportional to 9 
the fraction of bases in that position, alignment gaps produce narrow letters. Relative letter height 10 
is proportional to the given base’s frequency at that position. Stack height indicates conservation at 11 
the given position. 12 

 13 
 14 
Supplementary Figure S5-3. Screening of candidates from H1-3. (A) Representative dot-blot,using 15 
100nM DNA and 4 µM VEGF-165 and (B) EMSA using 25 nM nonfluorescent DNA and 25 nM 16 
VEGF-165.   17 
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Supplementary Figure S5-4. Heteromeric displacement assays of H1  with H3a  and H3b.. Binding 1 
of VEGF-165 (10 nM) by fluorescent aptamer H1 (fH1r18; 2.5 nM) competed by non-fluorescent 2 
aptamer H3 at 0, 2.5, 5, 10, 20, 40, 80, 160, 320 nM (lanes 2-10). 3 

 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 

 19 
Supplementary Figure S5-5. Heteromeric displacement assays of H1  with H4. Binding of VEGF-20 
165 (10 nM) by fluorescent aptamer H1 (fH1r18; 2.5 nM) competed by non-fluorescent aptamer H4 21 
(nfH4r3) at 0, 2.5, 5, 10, 20, 40, 80, 160, 320 nM (lanes 2-10). 22 
 23 

 24 
 25 
Supplementary Figure S5-6. Comparing H4 and its dimeric form. Binding curves obtained  for 26 
monomer, fH4, and dimer, fH4T100H4, using 2.5 nM aptamer (empty marker), prior to testing with 27 
0.5 nM aptamer (solid marker) and lowered protein concentrations for added accuracy once Kd of 28 
dimer was determined to be lower than 2.5 nM (2.4 ± 0.1 nM). Kd of H4 observed to be ~4 nM in 29 
both cases (4.0 ± 0.5 with 2.5 nM fH4; 4.7 ± 0.4 with 0.5 nM fH4), and H4T100H4 observed to have 30 
a Kd of 1.4 ± 0.3 nM using 0.5 nM fH4T100H4. The response curves for both aptamers at both 31 
concentrations are shown on a single graph to confirm that the monomer produces overlapping 32 
curves at both aptamer concentrations, while the binding curve for the dimer H4T100H4 is shifted 33 
leftward at lower aptamer concentrations.   34 
 35 
 36 
 37 
 38 
 39 
 40 
 41 
 42 

                                                                                   
        VEGF - +      
Competitor - - +2.5nM    320nM 

  
  
  
  
  
  
  

  
  
  
  
  

fH
1

 +
  
n

fH
4
  
  
  
  
  

   
 

 

 

 

 

 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

147 
 

References 1 

1. Woese, C. R. The Genetic Code. (Harper & Row, 1967). 2 

2. Orgel, L. E. Evolution of the genetic apparatus: A review. J. Mol. Biol. 38, 3 

381–393 (1968). 4 

3. Crick, F. H. C. The origin of the genetic code. J. Mol. Biol. 38, 367–379 5 

(1968). 6 

4. Higgs, P. G. & Lehman, N. The RNA World: Molecular cooperation at the 7 

origins of life. Nat. Rev. Genet. 16, 7–17 (2015). 8 

5. Pressman, A., Blanco, C. & Chen, I. A. The RNA world as a model system 9 

to study the origin of life. Curr. Biol. 25, R953–R963 (2015). 10 

6. Kruger, K. et al. Self-splicing RNA: Autoexcision and autocyclization of the 11 

ribosomal RNA intervening sequence of tetrahymena. Cell 31, 147–157 12 

(1982). 13 

7. Guerrier-Takada, C., Gardiner, K., Marsh, T., Pace, N. & Altman, S. The 14 

RNA moiety of ribonuclease P is the catalytic subunit of the enzyme. Cell 15 

35, 849–857 (1983). 16 

8. Carey, J. et al. Sequence-Specific Interaction of R17 Coat Protein with Its 17 

Ribonucleic Acid Binding Site. Biochemistry 22, 2601–2610 (2005). 18 

9. Uhlenbeck, O. C., Carey, J., Romaniuk, P. J., Lowary, P. T. & Beckett, D. 19 

Interaction of r17 coat protein with its rna binding site for translational 20 

repression. J. Biomol. Struct. Dyn. 1, 539–552 (1983). 21 

10. Sen, D., Gilbert, W., Thunell, R. C., Locke, S. M. & Williams, D. F. 22 

Formation of parallel four-stranded complexes by guanine-rich motifs in 23 

DNA and its implications for meiosis. Nature 334, 601–604 (1988). 24 

11. Sen, D. & Gilbert, W. A sodium-potassium switch in the formation of four-25 

stranded G4-DNA. Nature 344, 410–414 (1990). 26 

12. Serganov, A. & Patel, D. J. Ribozymes, riboswitches and beyond: 27 

Regulation of gene expression without proteins. Nat. Rev. Genet. 8, 776–28 

790 (2007). 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

148 
 

13. Edwards, T. E., Klein, D. J. & Ferré-D’Amaré, A. R. Riboswitches: small-1 

molecule recognition by gene regulatory RNAs. Curr. Opin. Struct. Biol. 17, 2 

273–279 (2007). 3 

14. Zhang, J., Lau, M. W. & Ferré-D’Amaré, A. R. Ribozymes and riboswitches: 4 

Modulation of RNA function by small molecules. Biochemistry 49, 9123–5 

9131 (2010). 6 

15. Serganov, A. & Nudler, E. A decade of riboswitches. Cell 152, 17–24 7 

(2013). 8 

16. Ellington, A. D. & Szostak, J. W. In vitro selection of RNA molecules that 9 

bind specific ligands. Nature 346, 818–822 (1990). 10 

17. Tuerk, C. & Gold, L. Systematic evolution of ligands by exponential 11 

enrichment:RNA ligands to bacteriophage T4 DNA polymerase. Science 12 

249, 505–510 (1990). 13 

18. Robertson, D. L. & Joyce, G. F. Selection in vitro of an RNA enzyme that 14 

specifically cleaves single-stranded DNA. Nature 344, 467–468 (1990). 15 

19. Breaker, R. R. & Joyce, G. F. A DNA enzyme that cleaves RNA. Chem. 16 

Biol. 1, 223–229 (1994). 17 

20. Szostak, J. W. & Bartel, D. P. Isolation of new ribozymes from a large pool 18 

of random sequences. Science 261, 1411 (1993). 19 

21. Lozupone, C., Changayil, S., Majerfeld, I. & Yarus, M. Selection of the 20 

simplest RNA that binds isoleucine. Rna 9, 1315–1322 (2003). 21 

22. Pobanz, K. & Luptak, A. Improving the odds: Influence of starting pools on 22 

in vitro selection outcomes. 25, 289–313 (2016). 23 

23. Ruscito, A. & DeRosa, M. C. Small-Molecule Binding Aptamers: Selection 24 

Strategies, Characterization, and Applications. Front. Chem. 4, 1–14 25 

(2016). 26 

24. Liu, M., Chang, D. & Li, Y. Discovery and Biosensing Applications of 27 

Diverse RNA-Cleaving DNAzymes. Acc. Chem. Res. 50, 2273–2283 28 

(2017). 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

149 
 

25. Mercier, M. C., Dontenwill, M. & Choulier, L. Selection of nucleic acid 1 

aptamers targeting tumor cell-surface protein biomarkers. Cancers (Basel). 2 

9, (2017). 3 

26. Zhang, Y., Lai, B. S. & Juhas, M. Recent advances in aptamer discovery 4 

and applications. Molecules (2019). doi:10.3390/molecules24050941 5 

27. Silverman, S. K. Catalytic DNA: Scope, Applications, and Biochemistry of 6 

Deoxyribozymes. Trends Biochem. Sci. 41, 595–609 (2016). 7 

28. Bock, L. C. Selection of single-stranded DNA molecules that bind and 8 

inhibit human thrombin. Nature 359, 564–566 (1992). 9 

29. Deng, B. et al. Aptamer binding assays for proteins: The thrombin example-10 

A review. Anal. Chim. Acta 837, 1–15 (2014). 11 

30. Wang, K. Y., Krawczyk, S. H., Bischofberger, N., Swaminathan, S. & 12 

Bolton, P. H. The tertiary structure of a DNA aptamer which binds to and 13 

inhibits thrombin determines activity. Biochemistry 32, 11285–11292 14 

(2005). 15 

31. Macaya, R. F., Schultze, P., Smith, F. W., Roe, J. A. & Feigon, J. 16 

Thrombin-binding DNA aptamer forms a unimolecular quadruplex structure 17 

in solution. Proc. Natl. Acad. Sci. U. S. A. 90, 3745–9 (1993). 18 

32. Padmanabhan, K., Padmanabhan, K. P., Ferrara, J. D., Sadler, J. E. & 19 

Tulinsky, A. The structure of alpha-thrombin inhibited by a 15-Mer single-20 

stranded DNA aptamer. J. Biol. Chem. 268, 17651–17654 (1993). 21 

33. Huizenga, D. E. & Szostak, J. W. A DNA Aptamer That Binds Adenosine 22 

and ATP. Biochemistry 34, 656–665 (1995). 23 

34. Lin, C. H. & Patei, D. J. Structural basis of DNA folding and recognition in 24 

an AMP-DNA aptamer complex: distinct architectures but common 25 

recognition motifs for DNA and RNA aptamers complexed to AMP. Chem. 26 

Biol. 4, 817–832 (2003). 27 

35. Cruz-Toledo, J. et al. Aptamer base: A collaborative knowledge base to 28 

describe aptamers and SELEX experiments. Database 2012, 1–8 (2012). 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

150 
 

36. McKeague, M. & DeRosa, M. C. Challenges and Opportunities for Small 1 

Molecule Aptamer Development. J. Nucleic Acids 2012, 1–20 (2012). 2 

37. McKeague, M. et al. Comprehensive Analytical Comparison of Strategies 3 

Used for Small Molecule Aptamer Evaluation. Anal. Chem. 87, 8608–8612 4 

(2015). 5 

38. Ruigrok, V. J. B. et al. Characterization of aptamer-protein complexes by x-6 

ray crystallography and alternative approaches. Int. J. Mol. Sci. 13, 10537–7 

10552 (2012). 8 

39. Liu, H. et al. Crystal structure of an RNA-cleaving DNAzyme. Nat. 9 

Commun. 8, 1–10 (2017). 10 

40. Santoro, S. W. & Joyce, G. F. A general purpose RNA-cleaving DNA 11 

enzyme. Proc. Natl. Acad. Sci. U. S. A. 94, 4262–6 (1997). 12 

41. Cruz,  rani p g, Withers, J. B. & Li, Y. Dinucleotide Junction Cleavage 13 

Versatility of 8-17 Deoxyribozyme Rani. Curr. Biol. 14, 1550–1558 (2004). 14 

42. Schlosser, K. & Li, Y. A versatile endoribonuclease mimic made of DNA: 15 

Characteristics and applications of the 8-17 RNA-cleaving DNAzyme. 16 

ChemBioChem 11, 866–879 (2010). 17 

43. Ward, W. L., Plakos, K. & DeRose, V. J. Nucleic Acid Catalysis: Metals, 18 

Nucleobases, and Other Cofactors. Chem. Rev. 114, 4318–4342 (2014). 19 

44. Morrison, D., Rothenbroker, M. & Li, Y. DNAzymes: selected for 20 

applications. Small Methods 2, 1700319 (2018). 21 

45. Ali, M. M., Aguirre, S. D., Lazim, H. & Li, Y. Fluorogenic DNAzyme probes 22 

as bacterial indicators. Angew. Chemie - Int. Ed. 50, 3751–3754 (2011). 23 

46. Shen, Z. et al. A Catalytic DNA Activated by a Specific Strain of Bacterial 24 

Pathogen. Angew. Chemie - Int. Ed. 55, 2431–2434 (2016). 25 

47. Zhang, W., Feng, Q., Chang, D., Tram, K. & Li, Y. In vitro selection of RNA-26 

cleaving DNAzymes for bacterial detection. Methods 106, 66–75 (2016). 27 

48. Carmi, N., Shultz, L. A. & Breaker, R. R. In vitro selection of self-cleaving 28 

DNAs. Chem. Biol. 3, 1039–1046 (1996). 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

151 
 

49. Carmi, N., Balkhi, S. R. & Breaker, R. R. Cleaving DNA with DNA. Proc. 1 

Natl. Acad. Sci. 95, 2233–2237 (2002). 2 

50. Carmi, N. & Breaker, R. R. Characterization of a DNA-cleaving 3 

deoxyribozyme. Bioorganic Med. Chem. 9, 2589–2600 (2001). 4 

51. Chandra, M., Sachdeva, A. & Silverman, S. K. DNA-catalyzed sequence-5 

specific hydrolysis of DNA. Nat. Chem. Biol. 5, 718–720 (2009). 6 

52. Xiao, Y., Chandra, M. & Silverman, S. K. Functional compromises among 7 

pH tolerance, site specificity, and sequence tolerance for a DNA-8 

hydrolyzing deoxyribozyme. Biochemistry 49, 9630–9637 (2010). 9 

53. Xiao, Y., Allen, E. C. & Silverman, S. K. Merely two mutations switch a 10 

DNA-hydrolyzing deoxyribozyme from heterobimetallic (Zn2+/Mn2+) to 11 

monometallic (Zn 2+-only) behavior. Chem. Commun. 47, 1749–1751 12 

(2011). 13 

54. Burmeister, J., Kiedrowski, G. Von & Ellington, A. D. Cofactor-Assisted 14 

Self-cleavage. 2508, 6–9 (1997). 15 

55. Amber Flynn-Charlebois, † et al. Deoxyribozymes with 2‘−5‘ RNA Ligase 16 

Activity. J. Am. Chem. Soc. 2444–2454 (2003). doi:10.1021/JA028774Y 17 

56. Purtha, W. E., Coppins, R. L., Smalley, M. K. & Silverman, S. K. General 18 

deoxyribozyme-catalyzed synthesis of native 3′-5′ RNA linkages. J. Am. 19 

Chem. Soc. 127, 13124–13125 (2005). 20 

57. Hoadley, K. A., Purtha, W. E., Amanda C. Wolf, A., Amber Flynn-21 

Charlebois & Silverman, S. K. Zn2+-Dependent Deoxyribozymes That 22 

Form Natural and Unnatural RNA Linkages. PLoS One 32, 736–740 23 

(2017). 24 

58. Cuenoud, B.; Szostak, J. W. A. DNA Metalloenzyme with DNA-Ligase 25 

Activity. Nature (1995). 26 

59. Sreedhara, A., Li, Y. & Breaker, R. R. Ligating DNA with DNA. J. Am. 27 

Chem. Soc. 126, 3454–3460 (2004). 28 

60. Wang, W., Billen, L. P. & Li, Y. Sequence diversity, metal specificity, and 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

152 
 

catalytic proficiency of metal-dependent phosphorylating DNA enzymes. 1 

Chem. Biol. 9, 507–517 (2002). 2 

61. Pradeepkumar, P. I., Höbartner, C., Baum, D. A. & Silverman, S. K. DNA-3 

catalyzed formation of nucleopeptide linkages. Angew. Chemie - Int. Ed. 4 

47, 1753–1757 (2008). 5 

62. Li, Y., Liu, Y. & Breaker, R. R. Capping DNA with DNA. Biochemistry 39, 6 

3106–3114 (2000). 7 

63. Sheppard, T. L., Ordoukhanian, P. & Joyce, G. F. DNAzyne N grycosylase 8 

activity.pdf. 2000, (2000). 9 

64. Chandra, M. & Silverman, S. K. DNA and RNA can be equally efficient 10 

catalysts for carbon-carbon bond formation. J. Am. Chem. Soc. 130, 2936–11 

2937 (2008). 12 

65. Li, Y. & Sen, D. A catalytic DNA for porphyrin metallation. Nat. Struct. Biol. 13 

3, 743–747 (1996). 14 

66. Li, Y. & Sen, D. Toward an efficient DNAzyme. Biochemistry 36, 5589–15 

5599 (1997). 16 

67. Hathout, Y. et al. Large-scale serum protein biomarker discovery in 17 

Duchenne muscular dystrophy. Proc. Natl. Acad. Sci. 112, 7153–7158 18 

(2015). 19 

68. Tack, F. et al. Modified poly(propylene imine) dendrimers as effective 20 

transfection agents for catalytic DNA enzymes (DNAzymes). J. Drug 21 

Target. 14, 69–86 (2006). 22 

69. Zhang, L., Huang, H., Xu, N. & Yin, Q. Functionalization of cationic poly(p-23 

phenylene ethynylene) with dendritic polyethylene enables efficient 24 

DNAzyme delivery for imaging Pb2+ in living cells. J. Mater. Chem. B 2, 25 

4935–4942 (2014). 26 

70. Liang, Z. et al. DNAzyme-mediated cleavage of survivin mRNA and 27 

inhibition of the growth of PANC-1 cells. J. Gastroenterol. Hepatol. 20, 28 

1595–1602 (2005). 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

153 
 

71. Fokina, A. A., Stetsenko, D. A. & François, J.-C. DNA enzymes as potential 1 

therapeutics: towards clinical application of 10-23 DNAzymes. Expert Opin. 2 

Biol. Ther. 15, 689–711 (2015). 3 

72. Zhu, H., Li, J., Zhang, X. B., Ye, M. & Tan, W. Nucleic acid aptamer-4 

mediated drug delivery for targeted cancer therapy. ChemMedChem 10, 5 

36–45 (2015). 6 

73. Leach, J. C., Wang, A., Ye, K. & Jin, S. A RNA-DNA hybrid aptamer for 7 

nanoparticle-based prostate tumor targeted drug delivery. Int. J. Mol. Sci. 8 

17, (2016). 9 

74. Achenbach, J. C., Chiuman, W., Cruz, R. P. G. & Li, Y. DNAzymes: from 10 

creation in vitro to application in vivo. Curr. Pharm. Biotechnol. 5, 321–36 11 

(2004). 12 

75. Silverman, S. K. In vitro selection, characterization, and application of 13 

deoxyribozymes that cleave RNA. Nucleic Acids Res. 33, 6151–6163 14 

(2005). 15 

76. Zhou, W., Jimmy Huang, P. J., Ding, J. & Liu, J. Aptamer-based biosensors 16 

for biomedical diagnostics. Analyst 139, 2627–2640 (2014). 17 

77. Almagro, J. C., Daniels-Wells, T. R., Perez-Tapia, S. M. & Penichet, M. L. 18 

Progress and challenges in the design and clinical development of 19 

antibodies for cancer therapy. Front. Immunol. 8, (2018). 20 

78. Nutiu, R. & Li, Y. Structure-switching signaling aptamers. J. Am. Chem. 21 

Soc. 125, 4771–4778 (2003). 22 

79. Bang, G. S., Cho, S. & Kim, B. G. A novel electrochemical detection 23 

method for aptamer biosensors. Biosens. Bioelectron. 21, 863–870 (2005). 24 

80. Schlensog, M. D., Gronewold, T. M. A., Tewes, M., Famulok, M. & Quandt, 25 

E. A Love-wave biosensor using nucleic acids as ligands. Sensors 26 

Actuators, B Chem. 101, 308–315 (2004). 27 

81. Carlson, R. The changing economics of DNA synthesis. Nat. Biotechnol. 28 

27, 1091–1094 (2009). 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

154 
 

82. Zhao, W., Brook, M. A. & Li, Y. Design of gold nanoparticle-based 1 

colorimetric biosensing assays. ChemBioChem 9, 2363–2371 (2008). 2 

83. Zhao, W., Lam, J. C. F., Chiuman, W., Brook, M. A. & Li, Y. Enzymatic 3 

cleavage of nucleic acids on gold nanoparticles: A generic platform for 4 

facile colorimetric biosensors. Small 4, 810–816 (2008). 5 

84. Liu, J. & Lu, Y. Colorimetric biosensors based on DNAzyme-assembled 6 

gold nanoparticles. J. Fluoresc. 14, 343–54 (2004). 7 

85. Pavlov, V., Xiao, Y., Shlyahovsky, B. & Willner, I. Aptamer-functionalized 8 

Au nanoparticles for the amplified optical detection of thrombin. J. Am. 9 

Chem. Soc. 126, 11768–11769 (2004). 10 

86. Tan, W., Chang, H., Huang, Y., Cao, Z. & Huang, C.-C. Aptamer-Modified 11 

Gold Nanoparticles for Colorimetric Determination of Platelet-Derived 12 

Growth Factors and Their Receptors. Anal. Chem. 77, 5735–5741 (2005). 13 

87. Medley, C. D. et al. Gold nanoparticle-based colorimetric assay for the 14 

direct detection of cancerous cells. Anal. Chem. 80, 1067–1072 (2008). 15 

88. Li, F. et al. Adenosine detection by using gold nanoparticles and designed 16 

aptamer sequences. Analyst 134, 1355–1360 (2009). 17 

89. Zhao, W., Chiuman, W., Brook, M. A. & Li, Y. Simple and rapid colorimetric 18 

biosensors based on DNA aptamer and noncrosslinking gold nanoparticle 19 

aggregation. ChemBioChem 8, 727–731 (2007). 20 

90. Wang, J. et al. A gold nanoparticle-based aptamer target binding readout 21 

for ATP assay. Adv. Mater. 19, 3943–3946 (2007). 22 

91. Uni, V., Liu, J. & Lu, Y. A Colorimetric Lead Biosensor Using DNAzyme-23 

Directed Assembly of Gold.pdf. 6642–6643 (2003). 24 

92. Liu, J. & Lu, Y. Accelerated color change of gold nanoparticles assembled 25 

by DNAzymes for simple and fast colorimetric Pb2+ detection. J. Am. 26 

Chem. Soc. 126, 12298–12305 (2004). 27 

93. Jung, H. L. et al. Highly sensitive and selective colorimetric sensors for 28 

uranyl (UO 22+): Development and comparison of labeled and label-free 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

155 
 

DNAzyme-gold nanoparticle systems. J. Am. Chem. Soc. 130, 14217–1 

14226 (2008). 2 

94. Luo, Y. et al. Colorimetric sensing of trace UO 22+ by using nanogold-3 

seeded nucleation amplification and label-free DNAzyme cleavage 4 

reaction. Analyst 137, 1866–1871 (2012). 5 

95. Travascio, P., Witting, P. K., Mauk, A. G. & Sen, D. Hemin-DNA  6 

complex.pdf. 1337–1348 (2001). 7 

96. Travascio, P., Li, Y. & Sen, D. DNA-enhanced peroxidase activity of a DNA 8 

aptamer-hemin complex. Chem. Biol. 5, 505–517 (1998). 9 

97. Kim, E. H., Lee, E. S., Lee, D. Y. & Kim, Y. P. Facile determination of 10 

sodium ion and osmolarity in artificial tears by sequential DNAzymes. 11 

Sensors (Switzerland) 17, (2017). 12 

98. Liu, J. et al. A catalytic beacon sensor for uranium with parts-per-trillion 13 

sensitivity and millionfold selectivity. Proc. Natl. Acad. Sci. 104, 2056–2061 14 

(2007). 15 

99. Tram, K., Kanda, P., Salena, B. J., Huan, S. & Li, Y. Translating bacterial 16 

detection by DNAzymes into a litmus test. Angew. Chemie - Int. Ed. 53, 17 

12799–12802 (2014). 18 

100. World Health Organization. Uranium in drinking-water. Guidelines for 19 

Drinking-water Quality (2012). doi:WHO/SDE/WSH/03.04/118/Rev/1 20 

101. Cothern, R. C. & Lappenbusch, W. L. Occurrence of uranium in drinking 21 

water in the U.S. Health Phys. 45, 89–99 (1983). 22 

102. Burkart, W., Danesi, P. R. & Hendry, J. H. Properties, use and health 23 

effects of depleted uranium. Int. Congr. Ser. 64, 133–136 (2005). 24 

103. Zhao, S., Zhao, F.-Y. Y., Lu, S. & Zhao, F.-Y. Y. Nephrotoxic Limit and 25 

Annual Limit on Intake for Natural U. Health Phys. 58, 619–623 (1990). 26 

104. Zamora, M. L. et al. Chronic ingestion of uranium in drinking water : a study 27 

of kidney bioeffects in humans. Toxicol. Sci. 43, 68–77 (2007). 28 

105. Domingo, J. L. Reproductive and developmental toxicity of natural and 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

156 
 

depleted uranium: a review. Reprod. Toxicol. 15, 603–609 (2001). 1 

106. Shields, L. M., Wiese, W. H., Skipper, B. J., Charley, B. & Benally, L. 2 

Navajo birth outcomes in the Shiprock uranium mining area. Health Phys. 3 

63, 542–51 (1992). 4 

107. Paternain, J. L., Domingo, J. L., Ortega, A. & Llobet, J. M. The effects of 5 

uranium on reproduction, gestation, and postnatal survival in mice. 6 

Ecotoxicol. Environ. Saf. 17, 291–296 (1989). 7 

108. Zaire, R. et al. Analysis of lymphocytes from uranium mineworkers in 8 

Namibia for chromosomal damage using fluorescence in situ hybridization 9 

(FISH). Mutat. Res. - Genet. Toxicol. 371, 109–113 (1996). 10 

109. Weir, E. Uranium in drinking water, naturally. Can. Med. Assoc. J. 170, 11 

951–952 (2004). 12 

110. Dreesen, D. R., Williams, J. M., Marple, M. L., Gladney, E. S. & Perrin, D. 13 

R. Mobility and Bioavailability of Uranium Mill Tailings Contaminants. 14 

Environ. Sci. Technol. 16, 702–709 (1982). 15 

111. Anirudhan, T. S., Bringle, C. D. & Rijith, S. Removal of uranium(VI) from 16 

aqueous solutions and nuclear industry effluents using humic acid-17 

immobilized zirconium-pillared clay. J. Environ. Radioact. 101, 267–276 18 

(2010). 19 

112. Tadmor, J. Radioactivity from coal-fired power plants: A review. J. Environ. 20 

Radioact. 4, 177–204 (1986). 21 

113. Betcher, R. N., Gascoyne, M. & Brown, D. Uranium in groundwaters of 22 

southeastern Manitoba, Canada. Can. J. Earth Sci. 25, 2089–2103 (2011). 23 

114. Health Canada. Guidelines for Canadian Drinking Water Quality: 24 

Supporting Documentation —Uranium. Water and Air Quality Bureau, 25 

Healthy Environments and Consumer Safety Branch, Health Canada, 26 

Ottawa, Ontario. 1999, (2001). 27 

115. US Environmental Protection Agency, O. of W. Radionuclides Rule: A 28 

Quick Reference Guide. (2001). 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

157 
 

116. Krieger, H. & Whittaker, E. Prescribed procedures for measurement of 1 

radioactivity in drinking water. Environ. Monit. Support Lab. Off. Res. Dev. 2 

US Environ. Prot. Agency 1, (1980). 3 

117. Boomer, D. W. & Powell, M. J. Determination of uranium in environmental 4 

samples using inductively coupled plasma mass spectrometry. Anal. Chem. 5 

59, 2810–2813 (1987). 6 

118. Huff, E. A. & Bowers, D. L. ICP/AES actinide detection limits. Appl. 7 

Spectrosc. 44, 728–729 (1990). 8 

119. Holzbecher, J., Ryan, G. E. & Ryan, D. E. Determination of uranium by 9 

thermal and epithermal neutron activation in natural waters and in human 10 

urine. Anal. Chim. Acta 119, 405–408 (1980). 11 

120. Mlakar, M. & Branica, M. Stripping voltammetric determination of trace 12 

levels of uranium by synergic adsorption. Anal. Chim. Acta 221, 279–287 13 

(1989). 14 

121. Abbasi, S. A. Atomic absorption spectrometric and spectrophotometric 15 

trace analysis of uranium in environmental samples with n-p-16 

methoxyphenyl-2-furylacrylohydroxamic acid and 4-(2-pyridylazo) 17 

resorcinol. Int. J. Environ. Anal. Chem. 36, 163–172 (1989). 18 

122. Brina, R. & Miller, A. G. Direct detection of trace levels of uranium by laser-19 

induced phosphorimetry. Anal. Chem. 64, 1413–1418 (1992). 20 

123. Cited, L., Kaminski, R., Purcell, F. J. & Russavage, E. uranyl 21 

phosphorescence at the parts-per-trillion level. Anal. Chem. 53, 1093–1096 22 

(1981). 23 

124. Schlosser, K. & Li, Y. Biologically inspired synthetic enzymes made from 24 

DNA. Chem. Biol. 16, 311–322 (2009). 25 

125. McGhee, C. E., Loh, K. Y. & Lu, Y. DNAzyme sensors for detection of 26 

metal ions in the environment and imaging them in living cells. Curr. Opin. 27 

Biotechnol. 45, 191–201 (2017). 28 

126. Zhou, W., Saran, R. & Liu, J. Metal Sensing by DNA. Chem. Rev. 117, 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

158 
 

8272–8325 (2017). 1 

127. Cao, J.-X. X. et al. Exonuclease III-assisted substrate fragment recycling 2 

amplification strategy for ultrasensitive detection of uranyl by a 3 

multipurpose DNAzyme. RSC Adv. 6, 108662–108667 (2016). 4 

128. Zhou, W., Liang, W., Li, D., Yuan, R. & Xiang, Y. Dual-color encoded 5 

DNAzyme nanostructures for multiplexed detection of intracellular metal 6 

ions in living cells. Biosens. Bioelectron. 85, 573–579 (2016). 7 

129. He, Y. & Lu, Y. Metal-ion-dependent folding of a uranyl-specific DNAzyme: 8 

Insight into function from fluorescence resonance energy transfer studies. 9 

Chem. - A Eur. J. 17, 13732–13742 (2011). 10 

130. Xiao, S. J. et al. Highly sensitive DNAzyme sensor for selective detection of 11 

trace uranium in ore and natural water samples. Sensors Actuators, B 12 

Chem. 210, 656–660 (2015). 13 

131. Zhang, H. Y. et al. A turn-off fluorescent biosensor for the rapid and 14 

sensitive detection of uranyl ion based on molybdenum disulfide 15 

nanosheets and specific DNAzyme. Spectrochim. Acta - Part A Mol. 16 

Biomol. Spectrosc. 146, 1–6 (2015). 17 

132. Yun, W. et al. An ultrasensitive electrochemical biosensor for uranyl 18 

detection based on DNAzyme and target-catalyzed hairpin assembly. 19 

Microchim. Acta 183, 1425–1432 (2016). 20 

133. Yun, W. et al. Ultrasensitive electrochemical detection of UO 22+ based on 21 

DNAzyme and isothermal enzyme-free amplification. RSC Adv. 6, 3960–22 

3966 (2016). 23 

134. Tang, Q. et al. DNAzyme based electrochemical sensors for trace uranium. 24 

Microchim. Acta 180, 1059–1064 (2013). 25 

135. Xiang, Y. & Lu, Y. Using personal glucose meters and functional DNA 26 

sensors to quantify a variety of analytical targets. Nat. Chem. 3, 697–703 27 

(2011). 28 

136. Zhou, B. et al. Resonance light scattering determination of uranyl based on 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

159 
 

labeled DNAzyme-gold nanoparticle system. Spectrochim. Acta - Part A 1 

Mol. Biomol. Spectrosc. 110, 419–424 (2013). 2 

137. Gwak, R. et al. Precisely Determining Ultralow level UO22+ in Natural 3 

Water with Plasmonic Nanowire Interstice Sensor. Sci. Rep. 6, 1–7 (2016). 4 

138. Wu, P., Hwang, K., Lan, T. & Lu, Y. A DNAzyme-gold nanoparticle probe 5 

for uranyl ion in living cells. Am. Chem. Soc. 135, 5254–5257 (2013). 6 

139. Xu, W., Xing, H. & Lu, Y. A smart T1-weighted MRI contrast agent for 7 

uranyl cations based on a DNAzyme–gadolinium conjugate. Analyst 138, 8 

6266 (2013). 9 

140. Zhang, H. et al. Magnetic beads-based DNA hybridization chain reaction 10 

amplification and DNAzyme recognition for colorimetric detection of uranyl 11 

ion in seafood. Anal. Chim. Acta 956, 63–69 (2017). 12 

141. Zhang, H. et al. Magnetic beads-based DNAzyme recognition and AuNPs-13 

based enzymatic catalysis amplification for visual detection of trace uranyl 14 

ion in aqueous environment. Biosens. Bioelectron. 78, 73–79 (2016). 15 

142. Cheng, X. et al. Visual detection of ultra-trace levels of uranyl ions using 16 

magnetic bead-based DNAzyme recognition in combination with rolling 17 

circle amplification. Microchim. Acta 184, 4259–4267 (2017). 18 

143. Yun, W. et al. Ultra-sensitive fluorescent and colorimetric detection of UO 19 

22+ based on dual enzyme-free amplification strategies. Sensors 20 

Actuators, B Chem. 255, 1920–1926 (2018). 21 

144. Huang, Y. et al. Design and synthesis of target-responsive hydrogel for 22 

portable visual quantitative detection of uranium with a microfluidic 23 

distance-based readout device. Biosens. Bioelectron. 85, 496–502 (2016). 24 

145. Sumner, J. B. J. B. & Hand, D. B. The isoelectric point of crystalline urease. 25 

J. Am. Chem. Soc. 51, 1255–1260 (1929). 26 

146. Dunn, B. E., Campbell, G. P., Perez-Perez, G. I. & Blaser, M. J. Purification 27 

and characterization of Urease from Helicobacter pylori. J. Biol. Chem. 265, 28 

9464–9469 (1990). 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

160 
 

147. Karplus, P. A., Pearson, M. A. & Hausinger, R. P. 70 years of crystalline 1 

urease: what have we learned? Acc. Chem. Res. 30, 330–337 (1997). 2 

148. Brown, A. K., Liu, J., He, Y. & Lu, Y. Biochemical characterization of a 3 

uranyl ion-specific DNAzyme. ChemBioChem 10, 486–492 (2009). 4 

149. Cepeda-Plaza, M., Null, E. L. & Lu, Y. Metal ion as both a cofactor and a 5 

probe of metal-binding sites in a uranyl-specific DNAzyme: A uranyl 6 

photocleavage study. Nucleic Acids Res. 41, 9361–9370 (2013). 7 

150. Santoro, S. W., Joyce, G. F., Sakthivel, K., Gramatikova, S. & Barbas, C. F. 8 

RNA cleavage by a DNA enzyme with extended chemical functionality. J. 9 

Am. Chem. Soc. 122, 2433–2439 (2000). 10 

151. Li, J. In vitro selection and characterization of a highly efficient Zn(II)-11 

dependent RNA-cleaving deoxyribozyme. Nucleic Acids Res. 28, 481–488 12 

(2000). 13 

152. Breaker, R. R. & Joyce, G. F. A DNA enzyme with Mg2+-dependent RNA 14 

phosphoesterase activity. Chem. Biol. 2, 655–660 (1995). 15 

153. Zhou, W., Zhang, Y., Ding, J. & Liu, J. In Vitro Selection in Serum: RNA-16 

Cleaving DNAzymes for Measuring Ca2+ and Mg2+. ACS Sensors 1, 600–17 

606 (2016). 18 

154. Faulhammer, D. & Famulok, M. The Ca2+ Ion as a Cofactor for a Novel 19 

RNA-Cleaving Deoxyribozyme. Angew. Chemie Int. Ed. English 35, 2837–20 

2841 (2004). 21 

155. Torabi, S.-F. et al. In vitro selection of a sodium-specific DNAzyme and its 22 

application in intracellular sensing. Proc. Natl. Acad. Sci. 112, 5903–5908 23 

(2015). 24 

156. Hollenstein, M., Hipolito, C., Lam, C., Dietrich, D. & Perrin, D. M. A highly 25 

selective DNAzyme sensor for mercuric ions. Angew. Chemie - Int. Ed. 47, 26 

4346–4350 (2008). 27 

157. Huang, P. J. J. & Liu, J. Rational evolution of Cd2+-specific DNAzymes with 28 

phosphorothioate modified cleavage junction and Cd2+ sensing. Nucleic 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

161 
 

Acids Res. 43, 6125–6133 (2015). 1 

158. Huang, P. J. J., Vazin, M. & Liu, J. In vitro selection of a new lanthanide-2 

dependent DNAzyme for ratiometric sensing lanthanides. Anal. Chem. 86, 3 

9993–9999 (2014). 4 

159. Huang, P. J. J., Lin, J., Cao, J., Vazin, M. & Liu, J. Ultrasensitive DNAzyme 5 

beacon for lanthanides and metal speciation. Anal. Chem. 86, 1816–1821 6 

(2014). 7 

160. Huang, P. J. J., Vazin, M., Matuszek, Z. & Liu, J. A new heavy lanthanide-8 

dependent DNAzyme displaying strong metal cooperativity and 9 

unrescuable phosphorothioate effect. Nucleic Acids Res. 43, 461–469 10 

(2015). 11 

161. Zhou, W., Ding, J. & Liu, J. An efficient lanthanide-dependent DNAzyme 12 

cleaving 2′-5′-linked RNA. ChemBioChem 17, 890–894 (2016). 13 

162. Saran, R., Kleinke, K., Zhou, W., Yu, T. & Liu, J. A Silver-Specific 14 

DNAzyme with a New Silver Aptamer and Salt-Promoted Activity. 15 

Biochemistry 56, 1955–1962 (2017). 16 

163. Geyer, C. R. & Sen, D. Evidence for the metal-cofactor independence of an 17 

RNA phosphodiester-cleaving DNA enzyme. Chem. Biol. 4, 579–593 18 

(1997). 19 

164. Lai, C. M. & Tabatabai, M. A. Kinetic parameters of immobilized urease. 20 

Soil Biol. Biochem. 24, 225–228 (1992). 21 

165. Omar, S. & Beauregard, M. Dissociation and unfolding of jack bean urease 22 

studied by fluorescence emission spectroscopy. J. Biotechnol. 39, 221–228 23 

(2002). 24 

166. Zhou, W., Chen, Q., Huang, P. J. J., Ding, J. & Liu, J. DNAzyme 25 

Hybridization, Cleavage, Degradation, and Sensing in Undiluted Human 26 

Blood Serum. Anal. Chem. 87, 4001–4007 (2015). 27 

167. Fan, X. et al. A novel label-free fluorescent sensor for the detection of 28 

potassium ion based on DNAzyme. Talanta 89, 57–62 (2012). 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

162 
 

168. Li, H., Zhang, Q., Cai, Y., Kong, D. M. & Shen, H. X. Single-stranded 1 

DNAzyme-based Pb 2+ fluorescent sensor that can work well over a wide 2 

temperature range. Biosens. Bioelectron. 34, 159–164 (2012). 3 

169. Zhang, L. et al. A label-free fluorescent molecular switch for Cu2+based on 4 

metal ion-triggered DNA-cleaving DNAzyme and DNA intercalator. New J. 5 

Chem. 37, 1252–1257 (2013). 6 

170. Jahanshahi-Anbuhi, S. et al. Pullulan encapsulation of labile biomolecules 7 

to give stable bioassay tablets. Angew. Chemie - Int. Ed. 53, 6155–6158 8 

(2014). 9 

171. Jahanshahi-Anbuhi, S. et al. Simple and ultrastable all-inclusive pullulan 10 

tablets for challenging bioassays. Chem. Sci. 7, 2342–2346 (2016). 11 

172. Hsieh, P. Y. et al. RNA Protection is Effectively Achieved by Pullulan Film 12 

Formation. ChemBioChem 18, 502–505 (2017). 13 

173. USEPA. National Primary Drinking Water Regulations. 1, (2009). 14 

174. Pan, T. & Uhlenbeck, O. C. A small metalloribozyme with a two-step 15 

mechanism. Nature 359, 710–713 (1992). 16 

175. Li, J. & Lu, Y. A Highly Sensitive and Selective Catalytic DNA Biosensor for 17 

Lead Ions. 10466–10467 (2000). 18 

176. Peter J. Bruesehoff, Jing Li, Anthony J. Augustine III & Yi Lu. Improving 19 

Metal Ion Specificity During In Vitro Selection of Catalytic DNA. Comb. 20 

Chem. High Throughput Screen. 5, 327–335 (2012). 21 

177. Mei, S. H. J., Liu, Z., Brennan, J. D. & Li, Y. An efficient RNA-cleaving DNA 22 

enzyme that synchronizes catalysis with fluorescence signaling. J. Am. 23 

Chem. Soc. 125, 412–420 (2003). 24 

178. Huang, P. J. & Liu, J. Sensing Parts-per-Trillion Cd2+, Hg2+ and Pb2+ 25 

Collectively and Individually Using Phosphorothioate DNAzymes. 86, 26 

5999–6005 (2014). 27 

179. Williams, K. P., Ciafré, S. & Tocchini-Valentini, G. P. Selection of novel 28 

Mg(2+)-dependent self-cleaving ribozymes. EMBO J. 14, 4551–4557 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

163 
 

(1995). 1 

180. Joyce, F., Torrey, N., Road, P. & Breaker, R. A DNA enzyme with MgZ + -2 

dependent phosphoesterase RNA activity. Chemistry (Easton). 655–660 3 

(1995). 4 

181. Gorchev, H. G. & Ozolins, G. WHO guidelines for drinking-water quality. 5 

WHO Chron. 38, 104–108 (2011). 6 

182. Macedo, A. et al. Validation of a Capillary Electrophoresis Assay for 7 

Monitoring Iodine Nutrition in Populations for Prevention of Iodine 8 

Deficiency: An Interlaboratory Method Comparison. J. Appl. Lab. Med. 1, 9 

649–660 (2017). 10 

183. Rovati, L., Fabbri, P., Ferrari, L. & Pilati, F. Plastic optical fiber pH sensor 11 

using a sol-gel sensing matrix. in Fiber Optic Sensors (ed. Yasin, M.) 415–12 

438 (InTech, 2012). doi:10.5772/711 13 

184. Tram, K., Kanda, P. & Li, Y. Lighting Up RNA-Cleaving DNAzymes for 14 

Biosensing. J. Nucleic Acids 2012, 1–8 (2012). 15 

185. Chang, D. et al. Detection of DNA Amplicons of Polymerase Chain 16 

Reaction Using Litmus Test. Sci. Rep. 7, 1–8 (2017). 17 

186. Singh, Y., Spinelli, N. & Defrancq, E. Chemical Strategies for 18 

Oligonucleotide-Conjugate Synthesis Chemical Strategies for 19 

Oligonucleotide-Conjugates Synthesis. Curr. Org. Chem. 12, 263–290 20 

(2008). 21 

187. Venkatesan, N. & Kim, B. H. Peptide Conjugates of Oligonucleotides: 22 

Synthesis and Applications. Chem Rev 106, 3712–3761 (2006). 23 

188. Williams, B. A. R. & Chaput, J. C. Synthesis of peptide-oligonucleotide 24 

conjugates using a heterobifunctional crosslinker. Curr. Protoc. Nucleic 25 

Acid Chem. 1–29 (2010). doi:10.1002/0471142700.nc0441s42 26 

189. He, S. et al. Highly specific recognition of breast tumors by an RNA-27 

cleaving fluorogenic DNAzyme probe. Anal. Chem. 87, 569–577 (2015). 28 

190. Xue, P. et al. The optimization and characterization of an RNA-cleaving 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

164 
 

fluorogenic DNAzyme probe for MDA-MB-231 cell detection. Sensors 1 

(Switzerland) 17, (2017). 2 

191. Yoshida, W. et al. Selection of DNA aptamers against insulin and 3 

construction of an aptameric enzyme subunit for insulin sensing. Biosens. 4 

Bioelectron. 24, 1116–1120 (2009). 5 

192. Duan, N. et al. Selection and characterization of aptamers against 6 

Salmonella Typhimurium using whole-bacterium SELEX. J. Agric. Food 7 

Chem. 61, 3229–3234 (2013). 8 

193. Huang, Y. et al. Selection, identification and application of a DNA aptamer 9 

against Staphylococcus aureus enterotoxin A. Anal. Methods 6, 690–697 10 

(2014). 11 

194. Huang, Y. et al. Selection and characterization of DNA aptamers against 12 

Staphylococcus aureus enterotoxin C1. Food Chem. 166, 623–629 (2015). 13 

195. Stoltenburg, R., Schubert, T. & Strehlitz, B. In vitro selection and interaction 14 

studies of a DNA aptamer targeting Protein A. PLoS One 10, 1–23 (2015). 15 

196. Wu, X. et al. DNA Aptamer Selected against Pancreatic Ductal 16 

Adenocarcinoma for in vivo Imaging and Clinical Tissue Recognition. 17 

Theranostics 5, 985–994 (2015). 18 

197. Alhadrami, H. A., Chinnappan, R., Eissa, S., Rahamn, A. A. & Zourob, M. 19 

High affinity truncated DNA aptamers for the development of fluorescence 20 

based progesterone biosensors. Anal. Biochem. 525, 78–84 (2017). 21 

198. Zhang, A. et al. In vitro selection of DNA aptamers that binds geniposide. 22 

Molecules 22, 383–395 (2017). 23 

199. Scoville, D. J., Uhm, T. K. B., Shallcross, J. A. & Whelan, R. J. Selection of 24 

DNA Aptamers for Ovarian Cancer Biomarker CA125 Using One-Pot 25 

SELEX and High-Throughput Sequencing. J. Nucleic Acids 2017, 1–9 26 

(2017). 27 

200. Chu, T. C. et al. Aptamer:toxin conjugates that specifically target prostate 28 

tumor cells. Cancer Res. 66, 5989–5992 (2006). 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

165 
 

201. Chen, C. -h. B. et al. Aptamer-based endocytosis of a lysosomal enzyme. 1 

Proc. Natl. Acad. Sci. 105, 15908–15913 (2008). 2 

202. Mammen, M., Choi, S.-K. & Whitesides, G. M. Polyvalent interactions in 3 

biological systems: Implications for design and use of multivalent ligands 4 

and inhibitors. Angew. Chemie Int. Ed. 37, 2754–2794 (1998). 5 

203. Wollman, A. J. M. J. J. M. et al. Transcription factor clusters regulate genes 6 

in eukaryotic cells. Elife 6, 1–36 (2017). 7 

204. Krishnamurthy, V. M., Estroff, L. A. & Whitesides, G. M. Multivalency in 8 

ligand design. Fragment-based Approaches in Drug Discovery 34, (2006). 9 

205. Hudson, P. J. & Kortt, A. A. High avidity scFv multimers; diabodies and 10 

triabodies. J. Immunol. Methods 231, 177–189 (1999). 11 

206. Cuesta, Á. M., Sainz-Pastor, N., Bonet, J., Oliva, B. & Álvarez-Vallina, L. 12 

Multivalent antibodies: When design surpasses evolution. Trends 13 

Biotechnol. 28, 355–362 (2010). 14 

207. Hasegawa, H., Taira, K. I., Sode, K. & Ikebukuro, K. Improvement of 15 

aptamer affinity by dimerization. Sensors 8, 1090–1098 (2008). 16 

208. Vorobyeva, M., Vorobjev, P. & Venyaminova, A. Multivalent aptamers: 17 

Versatile tools for diagnostic and therapeutic applications. Molecules 21, 18 

14–16 (2016). 19 

209. Zhao, X., Lis, J. T. & Shi, H. A systematic study of the features critical for 20 

designing a high avidity multivalent aptamer. Nucleic Acid Ther. 23, 238–21 

242 (2015). 22 

210. Ahmad, K. M., Xiao, Y. & Tom Soh, H. Selection is more intelligent than 23 

design: Improving the affinity of a bivalent ligand through directed evolution. 24 

Nucleic Acids Res. 40, 11777–11783 (2012). 25 

211. Mallikaratchy, P. R. et al. A multivalent DNA aptamer specific for the B-cell 26 

receptor on human lymphoma and leukemia. Nucleic Acids Res. 39, 2458–27 

2469 (2011). 28 

212. Shui, B. et al. RNA aptamers that functionally interact with green 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

166 
 

fluorescent protein and its derivatives. Nucleic Acids Res. 40, (2012). 1 

213. Hohmura, K. I., Shi, H. & Hirayoshi, K. Perturbation of discrete sites on a 2 

single protein domain with RNA aptamers: Targeting of different sides of 3 

the TATA-binding protein (TBP). Biosci. Biotechnol. Biochem. 77, 1739–4 

1746 (2013). 5 

214. Rinker, S., Ke, Y., Liu, Y., Chhabra, R. & Yan, H. Self-assembled DNA 6 

nanostructures for distance-dependent multivalent ligand-protein binding. 7 

Nat. Nanotechnol. 3, 418–422 (2008). 8 

215. Kuai, H. et al. Circular Bivalent Aptamers Enable in Vivo Stability and 9 

Recognition. J. Am. Chem. Soc. 139, 9128–9131 (2017). 10 

216. Müller, J., Wulffen, B., Pötzsch, B. & Mayer, G. Multidomain targeting 11 

generates a high-affinity thrombin-inhibiting bivalent aptamer. 12 

ChemBioChem 8, 2223–2226 (2007). 13 

217. Stuart, C. H. et al. Selection of a novel aptamer against vitronectin using 14 

capillary electrophoresis and next generation sequencing. Mol. Ther. - 15 

Nucleic Acids 5, e386 (2016). 16 

218. Pastor, F. et al. CD28 aptamers as powerful immune response modulators. 17 

Mol. Ther. - Nucleic Acids 2, e98 (2013). 18 

219. Goda, T. et al. Dual aptamer-immobilized surfaces for improved affinity 19 

through multiple target binding in potentiometric thrombin biosensing. 20 

Biosens. Bioelectron. 73, 174–180 (2015). 21 

220. Ringquist, S. & Parma, D. Anti-L-selectin oligonucleotide ligands recognize 22 

CD62L-positive leukocytes: Binding affinity and specificity of univalent and 23 

bivalent ligands. Cytometry 33, 394–405 (1998). 24 

221. Nonaka, Y., Sode, K. & Ikebukuro, K. Screening and improvement of an 25 

anti-VEGF DNA aptamer. Molecules 15, 215–225 (2010). 26 

222. Hasegawa, H., Sode, K. & Ikebukuro, K. Selection of DNA aptamers 27 

against VEGF165 using a protein competitor and the aptamer blotting 28 

method. Biotechnol. Lett. 30, 829–834 (2008). 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

167 
 

223. Kaur, H. & Yung, L. Y. L. Probing high affinity sequences of DNA aptamer 1 

against VEGF 165. PLoS One 7, 19–26 (2012). 2 

224. Potty, A. S. R. R. et al. Biophysical characterization of DNA aptamer 3 

interactions with vascular endothelial growth factor. Biopolymers 91, 145–4 

156 (2009). 5 

225. Gold, L. & Janjic, N. High-affinity oligonucleotide ligands to vascular 6 

endothelial growth factor (VEGF). (1998). 7 

226. Nonaka, Y. et al. Affinity improvement of a VEGF aptamer by in silico 8 

maturation for a sensitive VEGF-detection system. Anal. Chem. 85, 1132–9 

1137 (2013). 10 

227. Fukaya, T. et al. Improvement of the VEGF binding ability of DNA aptamers 11 

through in silico maturation and multimerization strategy. J. Biotechnol. 12 

212, 99–105 (2015). 13 

228. Muller, Y. A. et al. Vascular endothelial growth factor: crystal structure and 14 

functional mapping of the kinase domain receptor binding site. Proc. Natl. 15 

Acad. Sci. U. S. A. 94, 7192–7 (1997). 16 

229. Markovic-Mueller, S. et al. Structure of the full-length VEGFR-1 17 

extracellular domain in complex with VEGF-A. Structure 25, 341–352 18 

(2017). 19 

230. Vaisman, N., Gospodarowicz, D. & Neufeld, G. Characterization of the 20 

receptors for vascular endothelial growth factor. J. Biol. Chem. 265, 19461–21 

19466 (1990). 22 

231. Wiesmann C. et al. Crystal structure at 1.7 A resolution of VEGF in 23 

complex with domain 2 of the Flt-1 receptor. Cell 91, 695–704 (1997). 24 

232. Fairbrother, W. J., Champe, M. A., Christinger, H. W., Keyt, B. A. & 25 

Starovasnik, M. A. Solution structure of the heparin-binding domain of 26 

vascular endothelial growth factor. Structure 6, 637–648 (1998). 27 

233. Fairbrother, W. J., Champe, M. A., Christinger, H. W., Keyt, B. A. & 28 

Starovasnik, M. A. 1H, 13C, and 15N backbone assignment and secondary 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

168 
 

structure of the receptor-binding domain of vascular endothelial growth 1 

factor. Protein Sci. 6, 2250–2260 (1997). 2 

234. Muller, Y. A. et al. The crystal structure of vascular endothelial growth 3 

factor (VEGF) refined to 1.93 Å resolution: Multiple copy flexibility and 4 

receptor binding. Structure 5, 1325–1338 (1997). 5 

235. Russo Krauss, I., Merlino, A., Randazzo, A., Mazzarella, L. & Sica, F. 6 

Crystallization and preliminary X-ray analysis of the complex of human α-7 

thrombin with a modified thrombin-binding aptamer. Acta Crystallogr. Sect. 8 

F Struct. Biol. Cryst. Commun. 66, 961–963 (2010). 9 

236. Krauss, I. R. et al. Thrombin-aptamer recognition: A revealed ambiguity. 10 

Nucleic Acids Res. 39, 7858–7867 (2011). 11 

237. Russo Krauss, I. et al. High-resolution structures of two complexes 12 

between thrombin and thrombin-binding aptamer shed light on the role of 13 

cations in the aptamer inhibitory activity. Nucleic Acids Res. 40, 8119–8128 14 

(2012). 15 

238. Russo Krauss, I. et al. Duplex-quadruplex motifs in a peculiar structural 16 

organization cooperatively contribute to thrombin binding of a DNA 17 

aptamer. Acta Crystallogr. Sect. D Biol. Crystallogr. 69, 2403–2411 (2013). 18 

239. Pica, A. et al. Dissecting the contribution of thrombin exosite i in the 19 

recognition of thrombin binding aptamer. FEBS J. 280, 6581–6588 (2013). 20 

240. Pica, A. et al. Through-bond effects in the ternary complexes of thrombin 21 

sandwiched by two DNA aptamers. Nucleic Acids Res. 45, 461–469 22 

(2017). 23 

241. Musumeci, D. & Montesarchio, D. Polyvalent nucleic acid aptamers and 24 

modulation of their activity: A focus on the thrombin binding aptamer. 25 

Pharmacol. Ther. 136, 202–215 (2012). 26 

242. Huang, S. S., Wei, S. C., Chang, H. T., Lin, H. J. & Huang, C. C. Gold 27 

nanoparticles modified with self-assembled hybrid monolayer of triblock 28 

aptamers as a photoreversible anticoagulant. J. Control. Release 221, 9–29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

169 
 

17 (2016). 1 

243. Heyduk, E. & Heyduk, T. Nucleic acid-based fluorescence sensors for 2 

detecting proteins. Anal. Chem. 77, 1147–1156 (2005). 3 

244. Kim, Y., Cao, Z. & Tan, W. Molecular assembly for high-performance 4 

bivalent nucleic acid inhibitor. Proc. Natl. Acad. Sci. 105, 5664–5669 5 

(2008). 6 

245. Tian, L. & Heyduk, T. Bivalent ligands with long nanometer-scale flexible 7 

linkers. Biochemistry 48, 264–275 (2009). 8 

246. Ge, L., Jin, G. & Fang, X. Investigation of the interaction between a bivalent 9 

aptamer and thrombin by AFM. Langmuir 28, 707–713 (2012). 10 

247. Di Giusto, D. A. & King, G. C. Construction, stability, and activity of 11 

multivalent circular anticoagulant aptamers. J. Biol. Chem. 279, 46483–12 

46489 (2004). 13 

248. Hsu, C. L. et al. Highly efficient control of thrombin activity by multivalent 14 

nanoparticles. Chem. - A Eur. J. 17, 10994–11000 (2011). 15 

249. Hellman, L. & Fried, M. Electrophoretic mobility shift assay (EMSA) for 16 

detecting protein-nucleic acid interactions. Nat. Protoc. 2, 1849–1861 17 

(2007). 18 

250. Fylstra, D., Lasdon, L., Watson, J. & Waren, A. Design and use of the 19 

Microsoft Excel Solver. Interfaces (Providence). 28, 29–55 (1998). 20 

251. Brown,  a M. A step-by-step guide to non-linear regression analysis of 21 

experimental data using a Microsoft Excel spreadsheet. Comput. Methods 22 

Programs Biomed. 65, 191–200 (2001). 23 

252. McKeague, M. et al. Screening and initial binding assessment of fumonisin 24 

B 1 aptamers. Int. J. Mol. Sci. 11, 4864–4881 (2010). 25 

253. Walsh, R. & DeRosa, M. C. Retention of function in the DNA homolog of 26 

the RNA dopamine aptamer. Biochem. Biophys. Res. Commun. 388, 732–27 

735 (2009). 28 

254. Joyce, G. F. Directed Evolution of Nucleic Acid Enzymes. Annu. Rev. 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

170 
 

Biochem. 73, 791–836 (2004). 1 

255. Hicklin, D. J. & Ellis, L. M. Role of the vascular endothelial growth factor 2 

pathway in tumor growth and angiogenesis. J. Clin. Oncol. 23, 1011–1027 3 

(2005). 4 

256. Yadav, L., Puri, N., Rastogi, V., Satpute, P. & Sharma, V. Tumour 5 

angiogenesis and angiogenic inhibitors: A review. J. Clin. Diagnostic Res. 6 

9, XE01–XE05 (2015). 7 

257. Hoeben, A. N. N. et al. Vascular endothelial growth factor and 8 

angiogenesis. Pharmacol. Rev. 56, 549–580 (2004). 9 

258. Nowak, D. G. et al. Expression of pro- and anti-angiogenic isoforms of 10 

VEGF is differentially regulated by splicing and growth factors. J. Cell Sci. 11 

121, 3487–3495 (2008). 12 

259. Sievers, F. et al. Fast, scalable generation of high-quality protein multiple 13 

sequence alignments using Clustal Omega. Mol. Syst. Biol. 7, (2011). 14 

260. Schneider, T. D. & Stephens, R. M. Sequence logos: A new way to display 15 

consensus sequences. Nucleic Acids Res. 18, 6097–6100 (1990). 16 

261. Crooks, G., Hon, G., Chandonia, J. & Brenner, S. NCBI GenBank FTP 17 

Site\nWebLogo: a sequence logo generator. Genome Res 14, 1188–1190 18 

(2004). 19 

262. Kimoto, M., Yamashige, R., Matsunaga, K. I., Yokoyama, S. & Hirao, I. 20 

Generation of high-affinity DNA aptamers using an expanded genetic 21 

alphabet. Nat. Biotechnol. 31, 453–457 (2013). 22 

263. Madeira, F. et al. The EMBL-EBI search and sequence analysis tools APIs 23 

in 2019. Nucleic Acids Res. 47, W636–W641 (2019). 24 

264. Knight, R. O. B. & Yarus, M. Finding specific RNA motifs : Function in a 25 

zeptomole world ? 218–230 (2003). doi:10.1261/rna.2138803.other 26 

265. Osborne, S. E. & Ellington, A. D. Nucleic acid selection and the challenge 27 

of combinatorial chemistry. Chem. Rev. 97, 349–370 (1997). 28 

266. Conrad, B. R. C. et al. In Vitro Selection of Nucleic Acid Aptamers Bind 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

171 
 

Proteins That I . Introduction Nucleic acid sequences can fold into a huge 1 

variety of shapes . Some of these shapes can form complexes with 2 

chemically complementary com- pounds . While it has been pr. Methods 3 

Enzymol. 267, 336–367 (1996). 4 

267. Nenov, I. P. & Fylstra, D. H. Interval methods for accelerated global search 5 

in the Microsoft Excel solver. Reliab. Comput. 9, 143–159 (2003). 6 

268. Murphy, M. B. An improved method for the in vitro evolution of aptamers 7 

and applications in protein detection and purification. Nucleic Acids Res. 8 

31, 110e – 110 (2003). 9 

269. Allali-Hassani, A., Pereira, M. P., Navani, N. K., Brown, E. D. & Li, Y. 10 

Isolation of DNA aptamers for CDP-ribitol synthase, and characterization of 11 

their inhibitory and structural properties. ChemBioChem 8, 2052–2057 12 

(2007). 13 

270. Liu, M., Yin, Q., Brennan, J. D. & Li, Y. Selection and characterization of 14 

DNA aptamers for detection of glutamate dehydrogenase from Clostridium 15 

difficile. Biochimie 145, 151–157 (2018). 16 

271. I. Wong & Lohman, T. M. A double-filter method for nitrocellulose-filter 17 

binding: application to protein-nucleic acid interactions. Proc. Natl. Acad. 18 

Sci. U. S. A. 90, 5428–32 (1993). 19 

272. Chang, E. K. et al. Facile supermolecular aptamer inhibitors of L-selectin. 20 

PLoS One 10, 1–16 (2015). 21 

273. Riese, S. B. et al. Structural requirements of mono- and multivalent L-22 

selectin blocking aptamers for enhanced receptor inhibition in vitro and in 23 

vivo. Nanomedicine Nanotechnology, Biol. Med. 12, 901–908 (2016). 24 

274. Stephanopoulos, N., Tong, G. J., Hsiao, S. C. & Francis, M. B. Dual-25 

surface modified virus capsids for targeted delivery of photodynamic agents 26 

to cancer cells. ACS Nano 4, 6014–6020 (2010). 27 

275. Francis, M. B., Tong, G. J., Hsiao, S. C., Carrico, Z. M. & Francis, M. B. 28 

Viral capsid DNA aptamer conjugates as multivalent cell-targeting vehicles. 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

172 
 

J. Am. Chem. Soc. 131, 11174–11178 (2009). 1 

276. Zhang, Z. et al. A polyvalent aptamer system for targeted drug delivery. 2 

Biomaterials 34, 9728–9735 (2013). 3 

277. Han, D. et al. Building a multifunctional aptamer-based DNA nanoassembly 4 

for targeted cancer therapy. J. Am. Chem. Soc. 135, 18644–18650 (2013). 5 

278. Li, H. et al. Multifunctional aptamer-silver conjugates as theragnostic 6 

agents for specific cancer cell therapy and fluorescence-enhanced cell 7 

imaging. Anal. Chem. 87, 3736–3745 (2015). 8 

279. Santulli-marotto, S. et al. Multivalent RNA aptamers that inhibit CTLA-4 and 9 

enhance tumor immunity. Cancer Res. 7483–7489 (2004). 10 

280. McNamara II, J. O. et al. Multivalent 4-1BB binding aptamers costimulate 11 

CD8 + T cells and inhibit tumor growth in mice. J. Clincal Investig. 118, 12 

376–386 (2008). 13 

281. Parekh, P. et al. Immunotherapy of CD30-expressing lymphoma using a 14 

highly stable ssDNA aptamer. Biomaterials 34, 8909–8917 (2013). 15 

282. Dollins, C. M. et al. Assembling OX40 aptamers on a molecular scaffold to 16 

create a receptor-activating aptamer. Chem. Biol. 15, 675–682 (2008). 17 

283. Maier, K. E. et al. A new transferrin receptor aptamer inhibits new world 18 

hemorrhagic fever mammarenavirus entry. Mol. Ther. - Nucleic Acids 5, 19 

e321 (2016). 20 

284. Yoo, H., Jung, H., Kim, S. A. & Mok, H. Multivalent comb-type aptamer-21 

siRNA conjugates for efficient and selective intracellular delivery. Chem. 22 

Commun. 50, 6765–6767 (2014). 23 

285. Guo, S., Tschammer, N., Mohammed, S. & Guo, P. Specific delivery of 24 

therapeutic RNAs to cancer cells via the dimerization mechanism of phi29 25 

motor pRNA. Hum. Gene Ther. 16, 1097–1109 (2005). 26 

286. Soldevilla, M. M. et al. Identification of LAG3 high affinity aptamers by HT-27 

SELEX and conserved motif accumulation (CMA). PLoS One 12, 1–16 28 

(2017). 29 



Ph.D. Thesis – S. Manochehry; McMaster University – Biochemistry & Biomedical Sciences 

173 
 

287. Filonov, G. S., Moon, J. D., Svensen, N. & Jaffrey, S. R. Broccoli: Rapid 1 

selection of an RNA mimic of green fluorescent protein by fluorescence-2 

based selection and directed evolution. J. Am. Chem. Soc. 136, 16299–3 

16308 (2014). 4 

288. Boyacioglu, O., Stuart, C. H., Kulik, G. & Gmeiner, W. H. Dimeric DNA 5 

aptamer complexes for high-capacity-targeted drug delivery using pH-6 

sensitive covalent linkages. Mol. Ther. - Nucleic Acids 2, e107 (2013). 7 

289. Moccia, F. et al. Insights into the G-rich VEGF-binding aptamer V7t1: When 8 

two G-quadruplexes are better than one! Nucleic Acids Res. 1–14 (2019). 9 

doi:10.1093/nar/gkz589 10 

 11 

 12 


