
 

 
 

Selection of Aptamers for Biomarker Peptides for Kawasaki 
Disease 

 
 
by 
 

Evan T. Monk 
B.Sc (Hon), Carleton University 2018 

 
 
 
 

A thesis submitted to the Faculty of Graduate and Postdoctoral 
Affairs in partial fulfillment of the requirements for the degree of 
 

Master of Science 
 
in 
 

Chemistry 
 
 
 

Carleton University 
Ottawa, Ontario 

 
 
 

© 2020, Evan T. Monk



 (i) 

 
Abstract 

Kawasaki disease (KD) is an illness that affects children around the world. There is no 

current laboratory test that confirms the diagnosis and supports the treatment plan. 

Recent novel truncation of Serum Amyloid A (KD-PEP) has been identified in patients with 

KD which are not observed in patients with alternate fragmentations associated with 

febrile illnesses (FC-PEP). A method for KD detection could be developed using aptamers. 

Aptamers are oligonucleotides that can bind targets with high affinity and specificity that 

rival antibodies.  Through two screening experiments, aptamer candidates for both KD-

PEP and FC-PEP were identified through sequencing and bioinformatics analysis and 

further screening for the reduction of consensus sequences or complementarity. This 

analysis yielded nine potential aptamers for KD-PEP, and nine for FC-PEP. Preliminary 

characterization of one aptamer for KD-PEP and one aptamer for FC-PEP has been 

included.  
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1.1 Aptamers 

Aptamers are single stranded oligonucleotides composed of deoxyribonucleic acid (DNA), 

ribonucleic acid (RNA), or xeno nucleic acid (XNA). XNA is a synthetic analogue to DNA 

and RNA that has been developed to include six bases pairs, as opposed to the four 

canonical bases.1 DNA, RNA and XNA aptamers typically have a length between 15-60 

nucleotide bases, and due to being single stranded, the lack of a complementary strand 

allows an aptamer to form complex secondary structures such as; hairpin loop, inner loop, 

bulges, multibranched loop, duplex, and cruciform as illustrated in Figure 1. Aptamers can 

also form tertiary structures such as g-quadruplexes and  i-motifs also shown in Figure 1. 

These conformations are similar to those observed in proteins and are responsible for the 

unique properties of aptamers to serve as capture agents for molecular targets. These 

structures can be predicted through modelling software such as Mfold, and 

RNAStructure.2 

Aptamers have shown a high affinity and selectivity to different molecular targets. These 

include, small molecules,3 mycotoxins,4 proteins,5 viruses,6 bacteria,7 and whole cells,8 

which make them prime candidates as recognition elements. 
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Figure 1: Examples of secondary and tertiary structures in oligonucleotides. A. hairpin loop, B. internal   
loop, C. bulge, D. multi-branched loop, E. duplex. F. Cruciform, G. i. g-quadruplex, H. cysteine i-motif 

 
Since their simultaneous introduction  by Craig Tuerk and Larry Gold9, 1990, and by 

Andrew Ellington and Jack Szostak10, 1990, aptamers have shown promise as an 

alternative to antibodies as molecular recognition agents. Part of this is related to their 

ability to be selected through a process pioneered by Szostak and Ellington called 

Systematic Evolution of Ligands by Exponential Enrichment (SELEX).10 Given that the 

selection occurs in vitro, aptamers can be selected that are functional over a range of pH, 

temperature, and ion concentration that are beyond those observed under physiological 

conditions that constrain antibodies.11 
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Aptamers show many advantages over antibodies which provide incentive for further 

development in the area of aptamer discovery, and the exploration of new selection 

techniques. Both antibodies and aptamers have high target affinities and have high 

specificity.12 Antibodies are limited to immunogenic ligands precluding them from being 

used against highly toxic or non-immunogenic proteins, where aptamers can be selected 

for both immunogenic and non-immunogenic targets such as metal ions, small peptides, 

and toxins.13 Antibodies are relatively large between 10nm and 15nm, leading to low 

tissue penetration, whereas the smaller size of aptamers (roughly 3nm) allow them to 

have a greater ability to penetrate tissues. Aptamers have can have a shelf life at room 

temperature of several months, and can be stored frozen for several years, whereas 

antibodies are generally stable for a few months and are limited to low temperature 

storage13. Aptamers are stable under a wider range of pH compared to the narrow 

physiological conditions where antibodies are stable.12 Antibodies have a longer half-life 

in the blood when compared to aptamers due to nuclease degradation.14 Aptamers have 

low to no batch to batch variation due to their synthetic nature, where antibodies can 

have variation between batches.11,15 The cost to produce antibodies is high due to housing 

requirements of animals and the need for reactors, where aptamers can be synthesized 

using a table-top instrument, making it highly scalable.16 

Of course, aptamers are not without disadvantages, for example the negative charge of 

ssDNA presents a limitation where crossing cell membranes is required.9 
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1.1.1 Systematic Evolution of Ligands by Exponential Enrichment (SELEX) 

Aptamers are discovered through an in vitro process called SELEX. As a multi-step process, 

SELEX begins with a library of synthetic strands of single stranded DNA (ssDNA) or RNA 

consisting of a randomized region of nucleotides flanked by two primer regions.10 The 

random regions are randomized through mixing of A, C, G, T phosphoramidites in a ratio 

of 1.5:1.5:1.0:1.2 to reduce bias in base coupling, as a result of faster coupling times in G 

and T bases.17 The primer regions are used for the amplification by polymerase chain 

reaction (PCR) after each SELEX round. 

A typical SELEX round consists of 3 steps, Selection, Partitioning, and Amplification.18 

Selection can include multiple negative selections to reduce the interactions of potential 

aptamer candidates from non-specific binding to targets present in complex matrices, 

followed by an incubation with the desired target. Partitioning is a step where the target-

aptamer complex is separated from non-binding sequences. Amplification of potential 

aptamer candidates is done by polymerase chain reaction (PCR), and is used in 

subsequent SELEX rounds, in order to find a more refined library. After sufficient 

enrichment, the resulting pool is characterized by NextGen sequencing (NGS) to 

determine what oligonucleotides display the desired characteristics. 

Designing a SELEX is dependent on a number of variables. Often, they are designed based 

on the environment under which the target will be found, but other variables include the 

nature of the target itself.19 Further, each one of the methods can be modified, creating 

conditions where potential aptamer candidates with the highest binding affinity would be 
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isolated. These modifications are used in different SELEX protocols such as; FluMag 

SELEX,20 Negative SELEX,21 Counter SELEX,22 Blended SELEX,23 Covalent SELEX,24 Non-

SELEX,25 EMSA SELEX,26 Indirect SELEX27 and Tissue SELEX28. 18,29 

A FLuMag SELEX uses a target immobilized on a bead resulting binders are amplified and 

exposed further to narrow pool.20 A Negative SELEX runs a pre-selection where the initial 

pool is exposed to other targets present in the matrix, resulting in the removal of non-

specific binders.21 Counter SELEX will introduce the pool to targets that are molecularly 

similar to remove weak, non-selective binders.22 A Blended SELEX will introduce 

molecular components to the ssDNA sequence that are non-nucleic acids, resulting in a 

change to the structure or characteristics of the aptamer.23 A Covalent SELEX introduces 

reactive functional groups that are known to bind to the target protein through covalent 

bonds.24 A Non-SELEX will omit PCR amplification resulting in a pool of sequences that 

where present in the initial pool, and have not been impacted by PCR bias, or input errors. 

25 EMSA SELEX is a method of partitioning by Electrophoretic mobility shift assays 

(EMSA),26 Indirect SELEX uses a partnering aptamers that will induce  binding of an 

aptamer to the target only in the presence of the partner. 27 and Tissue SELEX is used to 

generate aptamers for complex targets that are only found on tissues.28 

1.1.2 Synthesis of oligonucleotides 

Phosphoramidite solid phase synthesis was pioneered by Marvin Caruthers in the 1980’s, 

replacing the H-phosphonate, and phosphate triesters method discovered in the 1950’s 

by Alexander Todd.30  
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The synthesis of ssDNA is done on automated machinery, that dispenses the reagents, 

and phosphoramidites in order to synthesize the desired sequence. A solid support is 

needed, and most common supports are made with Polystyrene beads(PS) or Controlled-

Pore Glass(CPG) beads. CPG beads have an advantage as the diameter of the beads can 

be as small as 500Å providing more surface area available for reactions. Polystyrene beads 

are advantageous where moisture control is required. The synthetic synthesis of ssDNA is 

performed in the 3’ to 5’ direction which is counter to the 5’ to 3’ direction which occurs 

naturally due to the phosphoramidites used during synthesis containing protecting 

groups on the 5’ end to prevent reactions, this is chemically removed during synthesis.31  

To add a single base, a cycle of chemical reactions is required. Each cycle contains a 

detritylation step, activation and coupling stage, capping step, and oxidation.32 

At the beginning of the synthesis, a deprotection of the functionalized support column is 

required. This required detritylation of the 4,4ʹ-dimethoxytrityl(DMT) protecting the 5’of 

the existing sequence. The DMT is required to protect the existing base from 

functionalization when in storage. The removal of 4,4ʹ-dimethoxytrityl(DMT), 

trichloroacetic acid is used to cleave the ester bond removing the DMT resulting in 

deprotection.32  

Activation requires the protonation of the diisopropylamino group, creating a nucleophile 

at the 5’-hydroxy. This allows the coupling of the next base resulting in the formation of 

a third phosphorus-oxygen bond making a phosphite-triester.32  
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To protect the base that was added, and to prevent mutations from sequences that failed 

the activation and coupling, capping is done with an electrophilic solution is used to 

acetylate the alcohol group. The column must be kept in basic conditions, to prevent 

detritylation of the newly added nucleotide from occurring.32  

To finish the cycle, oxidation of the oligonucleotide is done to convert the phophite-

triester from 3+ oxidation state to a more stable 5+ oxidation state. This is done by 

reaction with iodine, water and pyridine forming phosphodiester with a cyanide group for 

protection.32 

1.1.3 Sequencing 

A DNA sequence is made up of nucleotides, the order that they are assembled in a strand 

of DNA encodes for many biological functions and physical characteristics. Sequencing is 

the analysis of of the order of the nucleotides in a DNA molecule. During the human 

genome project, which concluded in 2003, methods were developed to increase the 

efficient and accuracy of first-generation sequencing.33  

Chain termination method of sequencing (Sanger sequencing) allowed sequencing of up 

to 900 base pairs. Multiple sequences would be done, and fragments would be aligned 

based on overlapping portions of the sequences to generate longer DNA sequences. This 

is done by combining primer, DNA nucleotides (dATP, dTTP, dGTP, and dCTP), DNA 

polymerase, primers, and four dye-labeled chain terminating dideoxy nucleotides. The 

combined samples are heated to denature the DNA into ssDNA. The sample is cooled to 

allow primers to bind, then heated again to allow DNA polymerase to replicate the DNA 
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strands. This cycle is repeated to ensure all the dideoxy nucleotides are incorporated into 

ssDNA 33 

The ssDNA fragments are analyzed by capillary gel electrophoresis. The smallest 

fragments are analyzed first while longer strands take longer to pass through the columns. 

This provides peaks on a chromatogram which identify to each base.33  

Next-generation sequencing works very similar to Sanger sequencing by performing many 

reactions in parallel, the amount to template DNA required is very small, and most 

reactions and analysis are done. High throughput sequencing has been optimized to have 

minimal preparation. Compared to first generation sequencing, a major advantage of NGS 

is the ability to sequence millions of DNA fragments resulting in a larger representation 

of the initial pool. NGS allows for multiple pools of DNA to be analyzed through barcoding, 

this is a big benefit to SELEX as multiple rounds can be barcoded and analyzed.33 

1.1.4 Bioinformatic analysis of sequenced libraries 

Given the amount of data that is generated through sequencing, the ability to process 

that data efficiently requires robust bioinformatics applications. Software solutions, such 

as AptaSUITE, offer researchers a framework of data analysis that is uniform, allowing the 

quick analysis and identification of aptamer candidates34,35. 

Using algorithms, which extract data round by round, sequencing data can be curated 

based on the workflow performed. Round by round positive selections are screened 

against each negative selection in order to eliminate sequences which have affinity to the 

counter targets. When these counter sequences are removed, the data are sorted by 
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round. Sequences from each positive round are compared from the initial pool, through 

to the final selection, to identify sequences that have been present through the course of 

the SELEX, and those who have increased in concentration. These sequences are 

considered enriched, as their concentration between rounds are compared. The data are 

sorted in descending order by highest enrichment and/or counts. This allows the 

researcher to extract the data and perform their own post sequencing selections criterion 

to fit within their experimental objectives.36 

Some of these objectives can be the reduction of sequence complementarity to other 

previously selected aptamers or choosing aptamers candidates based on secondary 

structure complexity. 

1.1.5 Using dissociation constant (Kd) in determining binding affinity of an aptamer 

Once aptamer candidates are selected based on bioinformatics analysis, the sequences 

must be analyzed individually for their binding to the target. One such analysis, which is 

key in evaluating the efficacy of an aptamer is the dissociation constant (𝐾!).37  

The dissociation constant is a measure of the aptamer-target complex [AT] in relation to 

the concentration of the aptamer [A], and target [T], which is inverse to the Association 

or binding constant (𝐾") which measure the concentration of the Aptamer and target in 

relation to the concentration of the aptamer-target complex as shown in Equation 1. 

𝐴 + 𝑇			
𝐾"
⇌
𝐾!

			𝐴𝑇 
Equation 1 
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Since the binding between aptamer and target is in equilibrium, the dissociation constant 

can be determined by looking at concentrations of complex and reagents or by examining 

off and on rates as shown in equation 2;37 

K# =
𝑘$%%
𝑘$&

=
[𝐴] ∙ [𝑇]
[𝐴𝑇] =

1
𝐾"

 
Equation 2 

The 𝑘$%% and 𝑘$& are the dissociation and association rates, which is needed to 

differentiate aptamers with similar 𝐾!s. The faster an aptamer-target complex forms, may 

be of more beneficial than one that takes more time to form, which could be based on 

the application or environmental conditions where the specific aptamer will be used.37 

Once common method for the measurement of 𝐾!  is through titrations. These titrations 

typically require the aptamer to be set as a constant while titrating increasing 

concentration of the target. This results in a measure representing the fraction of bound 

aptamer (𝑓") which is given by; 

f' =
[𝑇]

𝐾! + [𝑇]
 

Equation 3 

1.1.5.1 Methods for determining dissociation constant (𝐊𝐝) 

To determine 𝐾!, researchers have a number of methods available that rely on the 

separation of aptamer-target complexes, or the measurement of the formation of the 

aptamer-target complex in a mixture. The most common methods used are  double-filter 

binding assay, surface plasmon resonance (SPR), quartz crystal microbalance 

measurements (QCM), UV-Vis, isothermal titration calorimetry (ITC), microscale 

thermophoresis (MST), and flow cytometry. 
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In double-filter binding assay, the amount of aptamer-target complex in solution can be 

quantitated by using radio-labeled sequences and filtering it through a nitrocellulose 

membrane and measuring residual radioactivity on the membrane38. Double-filter 

binding assay is a powerful technique, though it has low accuracy.39 SPR measures binding 

affinity  through changes in the refractive index when aptamer-target complex is formed 

at a metal-dielectric interface.40 SPR is a high-throughput, label-free, real-time technique 

that provides kinetic information, but is limited to the requirement of ligand 

immobilization to the metal surface.40 QCM measures the frequency change when the 

aptamer-target complex forms on a piezo surface.41 The more complex that forms, the 

larger decrease in frequency measured by the QCM.41 QCM is a real-time, label-free 

technique that is both very sensitive and very stable.41 Binding affinity can be determined 

using UV-Vis by looking at changes in the maximum absorption of the aptamer-target 

complex using variable target concentrations, and a fixed aptamer concentration.39 UV-

Vis is a very affordable technique, which does not require any labeling, although is not 

very accurate at measuring binding affinity.39 ITC measures the exothermic signal released 

from the formation of the aptamer-target complex.42 ITC is a very versatile method for 

measuring binding affinity, although it is limited by its low throughput.42 In MST, 

formation of the aptamer-target complex results in a change of its mobility in a thermal 

gradient; MST measures the change in mobility of the aptamer in the presence of the 

target.43 MST is very rapid and precise, though it needs fluorescence for detection. Flow 

cytometry measures the interaction between fluorescence labeled aptamer and target 
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cells by measuring the intensity of fluorescently labeled cells.43 Flow cytometry is also 

very rapid and can be used on whole live cells, but too needs fluorescence for detection.44 

1.2 Kawasaki Disease 

In Tokyo, Japan, in 1961, Dr. Timisaku Kawasaki was treating a 4-year old child who 

presented with a persistent fever and unusual rashes. In the six years following his first 

observed case, Dr. Kawasaki saw an additional 50 patients presenting with similar 

symptoms. In 1967, the first report on mucocutaneous lymph node syndrome (Kawasaki 

Disease) was published.45 Following historical inquiries of 7618 patients admitted to the 

Tokyo University hospital between 1940 and 1954, 144 patients were identified with 

having the disease. None of the cases identified presented in Japan prior to 1950.46 

KD is a self-limiting vasculitis that presents with many symptoms that are observed in 

other common childhood illnesses such as scarlet fever or adenovirus. No laboratory test 

is available, therefore a clinical diagnosis criteria for Kawasaki disease has been developed 

that includes an observed persistent fever for 5 days, and four of the following 

accompanying symptoms; bilateral conjunctival injection, changes of the mucous 

membranes of the upper respiratory tract (injected pharynx, fissured lips, strawberry 

tongue), polymorphous rash, changes of the extremities (peripheral edema, peripheral 

erythema, periungual desquamation) and cervical adenopathy.47 

As a self-limiting vasculitis, the symptoms typically present over a 10-day period and will 

spontaneously resolve itself in the absence of treatment. If not treated, 20-25% of cases 

can result in the development of coronary-artery aneurysm, which is detected by CT 
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angiography, when a patient presents with, or is diagnosed with heart disease or post-

mortem.48 Treatment for patients who meet the diagnosis criteria are administered a high 

dose of intravenous immunoglobulin (IVIG), which reduces the risk of permanent 

cardiovascular damage to 5% when treated.49 

The cause of Kawasaki disease is unknown. It is observed in all ethnic groups, with a higher 

rate of occurrence in Asian populations.50 There is belief that the disease is caused by an 

infectious agent. The presence of seasonality, geographically focal epidemics, and the 

diagnostic reoccurrence in 3-5% of children in Japan supports the theory of an infectious 

agent, or multiple agents causing the illness.51,52 

1.2.1 Biomarkers of Kawasaki Disease 

Diagnostics for Kawasaki disease has been limited to physical diagnosis criteria based on 

the patients presenting symptoms. Due to the nature of the illness, a laboratory based 

diagnostic tool has not been developed. Given the ubiquity of many of the acute phase 

reactants, subsequent growth factors, chemokines and cytokines, it is difficult to 

distinguish Kawasaki disease from common febrile illnesses.53 

Some genetics studies have isolated genes that can predict the coronary outcomes of 

those who contract the disease, but no gene has been identified to show susceptibility of 

contracting the illness.53 

Researchers are looking for biomarkers that are unique to Kawasaki disease. Recent 

research from Stanford University and the University of California, have found a novel 

potential biomarker candidate for Kawasaki disease. The research group isolated a 
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truncated form of serum amyloid A(SAA) uniquely found in patients with Kawasaki disease 

using surface-enhanced laser desorption ionization (SELDI) mass spectrometry.48,53 Serum 

amyloid A is an inflammatory and immunomodulatory protein, which circulates high-

density lipoproteins in the body, and aids in lipid metabolism and transport.54   

Comparing blood samples from 68 patients with KD and 61 patients presenting with other 

febrile illnesses (FC), researchers used SELDI MS and mass spectrometric immune assay 

(MSIA) in order to identify any potential biomarkers in the plasma of KD patients and 

febrile patients. Through SELDI, researchers identified a novel truncation of SAA, SAA7860, 

which was elevated in patients confirmed to have KD, and the concentration of the 

truncation was higher in the initial onset of illness and decreased over time.48  

 
 
Figure 2: Identified novel fragments of SAA in patients with KD, along with pertinent Peptide Cutter data48,55 

 
As shown in Figure 2, the researchers used PeptideCutter to assess which enzymes could 

be implicated in the cleavage of SAA to yield the fragments observed in the SELDI MS data. 

The unique cleavage site that generates SAA7860 is not believed to be of human origin. 

LysN is found in grifola frondosa that is known for cleaving proteins on the N-terminus of 

lysine residues.48,55,56 An additional known truncation performed by Glutamyl 

endopeptidase, Proteinase K, and/or Staphylococcal peptidase at the 44/45 cleavage site, 
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is of interest as these enzyme have been associated with multiple illnesses, and SAA 

fragments show exposure to these enzymes.55,57–59 

With the known fragmentation data, there is now a potential group of biomarkers that 

could be used to predict the presence of KD in distinguish it from other illnesses. 

1.2.2 Kawasaki Disease and Coronavirus 

The cause of Kawasaki disease is still unknown. Research suggests there is an infectious 

agent or pathogen, though no current research has confirmed its cause.51 On April 26, 

2020, the Pediatric Intensive Care Society (UK), communicated with its member intensive 

care units about an increase incidence in the number of children presenting with multi-

system hyperinflammatory states, with overlapping symptoms associated with atypical 

Kawasaki Syndrome, while also testing positive for current or past infection of Sars-CoV-

2 (COVID-19).60 This communication resulted in an increased interest about the disease 

as evident by the Google trends search results depicted in Figure 3.  

 
Figure 3: Google trends  search for “Kawasaki disease” in Canada from April 12 to May 12, 2020.61 
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Further the potential missed diagnosis of Kawasaki disease in an environment where 

COVID-19 is the forefront of illness being screened for presents additional support for the 

development of a laboratory test.62   

In the past, human corona virus ((HCoV)-NL63) was considered a possible infectious agent 

that was believed to increase the rate of incidence or onset of KD, though attempts to 

replicate the results with a differing cohort of KD patients have not supported the initial 

findings. In 2014, a research group from the National Institute of Infectious Diseases and 

Cytokines (Japan) published results of a study comparing the two common alpha strains 

of human corona virus, NL63 and 229E variant.63,64 This research looked at serum samples 

from confirmed patients with KD, and specifically those who were not treated with IVIG. 

Through serological tests, researchers found that NL63 were not elevated to levels 

beyond a control group, though found that antibodies for the 229E variant were elevated 

in the cohort of patients with KD suggesting coronavirus may be linked to the onset of KD, 

but further research is needed to substantiate these findings. With the increased 

incidence of cases of KD being presented along with COVID-19, the current variant being 

transmitted may increase the onset of KD, and more research is needed to develop 

laboratory tests that will confirm the presence of KD in patients presenting with COVID-19 

symptoms. 
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1.2.3 Aptamers and the novel fragments of SAA for Kawasaki disease 

The discovery of a potential SAA fragment that is only present in patients with KD, 

provides the potential to develop a laboratory test that can confirm the presence of the 

disease with aptamers. 

Since aptamers have shown high levels of sensitivity and selectivity, the selection for an 

aptamer for SAA7680 could be possible, although not without challenges. A specific 

challenge with a selection for fragments of SAA lies in the fact that the targeted amino 

acid sequence is present in SAA and all fragments that have been detected in other febrile 

illnesses to some degree. 

 
Figure 4: Representation of fragments identified between patients with febrile illnesses (SAA 44/45) and 
patients with Kawasaki disease (SAA7860) and the peptide fragments to be selected for in SELEX. KD-PEP 
and FC-PEP 

 
Selecting for just SAA7860, with SAA 44/45 as a negative selection would be the correct 

course for a SELEX for Kawasaki Disease (KD-SELEX) and selecting for SAA 44/45 with 

SAA7860 as a negative would be the correct course for a SELEX for other febrile 

illnesses (FC-SELEX). 

Selecting for shorter sequences within the fragments may prove beneficial as there are 

large conserved regions of both peptide fragments that may skew the selection. Using an 

N-terminus sequence for both SAA7680 and SAA 44/45 could allow an aptamer to select 
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for just the end of the fragments. For Kawasaki disease, the N-terminus fragment would 

be KYFHARGNY with a cysteine added for tethering (H2N-KYFHARGNYC-amide) (KD-PEP). 

The N-terminus fragment for other febrile illnesses would be ANYIGSDKYFHARG with a 

cysteine added for tethering (H2N-ANYIGSDKYFHARGC-amide) (FC-PEP). A challenge with 

a SELEX with these two fragments as targets, is the presence of KD-PEP in the peptide 

sequence of FC-PEP as shown in Figure 4. Thus, this selection would need to be very 

stringent, only keeping aptamers that recognize the KD-PEP sequence of amino acids at 

the N-terminus and not when they are internal amino acids. 

1.3 Electrochemistry 

As a part of physical and analytical chemistry, electrochemistry is the study of chemical 

reactions that include charge transfer at the boundary of a conducting electrode in an 

electrolytic solution containing ionic forms of chemical species. In order for a chemical 

reaction to take place at an electrode surface, there needs to be sufficient concentration 

of an electroactive species within a distance measured at the molecular level from the 

surface of the electrode. 

An electrochemical cell consists of an interconnected reduction-oxidation (redox) 

reaction where species at the anode are oxidized and species at the cathode are reduced 

through a charge transfer from the anode to the cathode. The chemical reactions that 

occur produce products that can leave the surface of the electrode in the form of gas or 

ions in solution, and products deposited on the electrode are solids. Given the 

interconnectivity of the reduction and oxidation reactions, the reactions are split into half-
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reactions to better understand what is happening within the system at both the anode 

and cathode. The electrolysis of water half reactions depicts the evolution of hydrogen, 

and oxygen in a redox reaction. 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒										 4𝐻)𝑂* + 4𝑒+ → 2𝐻, + 4𝐻,𝑂
𝐴𝑛𝑜𝑑𝑒														 6𝐻,𝑂 → 𝑂, + 4𝐻)𝑂* + 4𝑒+
𝐶𝑒𝑙𝑙	𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 2𝐻,𝑂(.) → 2𝐻,(0) + 𝑂,(0)

 

The flow of electrons from the anode to the cathode leads to an accumulation of negative 

charge at the cathode resulting in a potential difference comparative to the anode. The 

potential difference is a gradient resulting from the migrating movement of charged 

molecules creating natural convection. These natural convections can be slow and may 

need to be enhanced in order to facilitate, or accelerate the chemical reaction through 

introduction of vibration, mechanical stirring, or bubbling of inert gas in the solution. 

Any electrochemical reactions need to be energetically feasible. This feasibility is 

dependent on the energy balance of the reaction, and whether the reaction is 

thermodynamically favourable. When a reaction is thermodynamically favourable, the 

Gibbs free energy is negative (∆G < 0) and the free energy that could be harnessed, 

electricity or heat could be used. When the reaction is not thermodynamically favourable 

the Gibbs free energy is positive (∆G > 0) and an input of energy is required to drive the 

reaction forward. The equilibrium cell potential can be expressed as:  

∆𝐺 = −𝑛 ∙ 𝐹 ∙ 𝐸12..  Equation 4 

Where the change in the Gibbs free energy (∆G) is equal to the total number of electrons  

(-n) transferred from the anode to the cathode, multiplied by Faraday constant (F) and 
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the equilibrium energy (E) of the cell. Although a cell’s half-reaction represents movement 

of electrons, a slightly higher potential is required to account for the resistance 

experienced in the cell through the conductance of the electrolyte, the area between 

electrodes, concentration of ions, temperature, and the electrical field of the electrodes 

which an increased potential is needed to overcome. 

1.3.1 Cyclic voltammetry 

Determining the behavior of analytes under varied voltages can be done using cyclic 

voltammetry.65 The electrochemical voltammogram and its shape are generated based 

on the current at the working electrode in relation to the voltage applied by the 

potentiostat. The voltage is changed linearly over time, and in a cycle between two 

voltage points. This allows for the study of effects experienced by the analytes.66  

 
Figure 5: Diagram of cyclic voltammetry experiment waveform of change in voltage over time. 

 
The triangular waveform depicted in Figure 5, represents the change in voltage over 

time.67 A potentiostat applies a potential at the working electrode and gradually changes 

from E1 to E2 in a linear form. The potentials chosen are cover a range beyond  where an 
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analyte will undergo a redox process. A sweep rate (V/s) is set to move from E1 to E2.68 

The increasing change in potential will cause the faradaic currents to rise as redox process 

begin.69 The faradaic current is the result of the reduction or oxidation of a chemical 

species at the surface of the electrode.  The potential is then reversed at the same sweep 

rate that was applied from E1 to E2. The sweep rate is usually set to millivolts in order to 

minimize distortion as a result of the effects across the double layer at the electrode and 

the resistance of the electrolyte which results in a distorted voltammogram.70 Natural 

convection can occur if the sweep rate is too low.71 Through the sweep, the potential is 

measured at set increments, and are plotted against applied potential to generate a cyclic 

voltammogram as shown in Figure 6. 

 
Figure 6: Example of cyclic voltammogram with labeling for t0, t1, t2, along with ipc and ipa 

 
The example shown in Figure 6, is a cyclic voltammogram for a reversible redox process. 

When the current is swept from E1 to E2, reduction of chemical species begins to occur 
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which corresponds to the current. As current increases, a concentration gradient is 

formed, as chemical species close to the surface of the electrode becomes depleted. 

The scan rate is a measure of change in potential over time (V/s). For each voltammogram, 

a specific scan rate is used.  

 
Figure 7: Cyclic voltammogram run between -100mV to 800mV at varied sweep rates between 10mV s-1 to 
200 mVs-1 

# 
The change in the CV-voltammogram with relation to the scan rate as shown in Figure 7, 

shows the diffusion rate of the species in relation to the electrode surface, and are able 

to see if the redox active species is bound to the surface. If the scan rate is too rapid, the 

diffusion cannot occur, where if the scan rate is too slow diffusion can occur, though 

convection currents can distort the CV.65,68 
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A typical three electrode electrochemical system for cyclic voltammetry is shown in Figure 

8. The system contains a gold-disk working electrode, a platinum counter electrode, and 

a silver/silver chloride (Ag/Ag+) reference electrode which are submerged into an 

electroactive redox probe. A common well studied redox probe is potassium 

ferro/ferricyanide for its fast oxidation of ferrocyanide to ferricyanide and fast reversible 

reduction by single electron transfer.68   

 
Figure 8: Typical 3 electrode setup with gold-disk working electrode, a platinum counter electrode, and a 
silver/silver chloride (Ag/Ag+) reference electrode in potassium ferro/ferricyanide redox probe 

 
1.3.2 Electrochemical Surface Determination 

With every electrode the active surface area needs to be determined in order to compare 

the results obtained by cyclic voltammetry using multiple electrodes. Randles-Sevcik 

equation is used;68 
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𝑖3 = 0.4463𝑛𝐹𝐴𝐶 K
𝑛𝐹𝑣𝐷
𝑅𝑇 N

4
,
	 

Equation 5 

where,  𝑖3 is the current maximum in amps (𝐴), n us the number of electrons transferred 

in a redox event (mol), F is Faradays constant (𝐴 ∙ 𝑠/𝑚𝑜𝑙), A is the surface area of the 

electrode (c𝑚,), C is the concentration(𝑚𝑜𝑙/𝑐𝑚)), D is the diffusion coefficient of the 

electrolyte (𝑐𝑚,/𝑠), and v is the scan rate (𝑉/𝑠). When the solution is at 25˚C the 

equation is simplified to68; 

𝑖3 = 268600𝑛
)
,𝐴𝐷

4
,𝐶 ∙ 𝑣

4
, 

Equation 6 

When an electrode is run through multiple sweep rates, a calibration curve is compiled, 

and the slope is used to determine the active area of the electrode68. 

𝑖3 = K𝐹𝑛
)
,𝐴√𝐷𝐶N√𝑣		 

Equation 7 

1.4 Thesis Objectives 

A diagnostic test for KD that could be used in conjunction with the clinical diagnosis 

criteria could allow for a more conclusive decision that could change the course of 

treatment for patients, and reduce the patients risk of permanent cardiovascular damage. 

A key requirement for this test is that it would be able to distinguish any biomarkers of 

KD from those that would be present in other febrile patients.  A potential format of this 

diagnostic could be a multiplex lateral flow assay that is able to indicate the presence of 

biomarkers associated with KD as well others that are present in other febrile illnesses.  

The goal of this work is to discover one set of ssDNA aptamers, capable of recognizing the 
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novel truncated SAA peptide, SAA7860 associated with Kawasaki disease, and another set 

for a second SAA truncation, SAA 44/45 which is present in patients with other febrile 

illnesses.  In order to find sequences that meet this requirement, a novel aptamer 

selection procedure and bioinformatics sequence analysis method has been designed. 

Preliminary characterization of two promising aptamer sequence by electrochemistry is 

presented. 
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2.1 Materials 

Oligonucleotides synthesis 

Phosphoramidites, sequence modifiers, activator deblock capping, oxidizing reagent, 

acetonitrile (ACN) for the suspension of phosphoramidites and Glen-PakTM DNA 

purification cartridges used in DNA synthesis were purchased through Glen 

Research (Sterling, VA). 1000Å CPG support columns were purchased from 

BioAutomation (Beverly, MA). Ammonium hydroxide, and synthesis grade acetonitrile 

was purchased through VWR International (Radnor, PA). High Purity Argon (5.0) was 

purchased from Praxair Canada Inc. (Ottawa, ON) 

KD-PEP and FC-PEP 

The peptides used in for SELEX were graciously donated by Dr. John C. Whitin 

(Department of Pediatrics, Stanford University, CA, USA) and Dr. Jane C. Burns 

(Department of Pediatrics, University of California San Diego, CA, USA) and manufactured 

by New England Peptides (Gardner, MA, USA) 

SELEX 

Thiopropyl SepharoseTM 6B was purchased through GE Health Care (Mississauga, ON).  

Sodium chloride (NaCl), tris-hydroxymethyl aminomethane (Tris), 

ethylenediaminetetraacetic acid (EDTA), magnesium chloride (MgCl2), hydrochloric acid 

(HCl), 2-mercaptoethanol, ammonium acetate,  phenol: chloroform, isoamyl alcohol, 

potassium chloride (KCl), TritonX-100, nucleoside triphosphates (dNTP), magnesium 

sulfate, and Taq polymerase were purchased from BioShop Canada Inc. (Burlington, ON). 
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Costar Spin-X® Centrifuge tube filter was purchased from Corning Inc. (Corning, NY) 

Amicon® Ultracel® 3K 0.5mL centrifugal filters were purchased from Thermo Fisher 

Scientific (Nepean, ON) 

Poly Acrylamide Gel Electrophoresis 

Urea, Acrylamide/Bis-Acrylamide 40% solution, Boric Acid, TRIS, EDTA, 

Tetramethylethylenediamine (TEMED), Ammonia Persulfate (APS) and 

Polyethersulphone (PES) 0.22 µm membrane were purchased from 

BioShop Canada  Inc. (Burlington, ON). 

Sequencing 

Mi-Seq V3 reagent kit was purchased from Illumina, Inc. (San Diego, CA) Barcoded 

oligonucleotide sequences used in sequencing were purchased from Integrated DNA 

Technologies (Coralville, IA) 

Electrochemistry 

Non-Aqueous Ag/Ag+ reference electrode with porous Teflon Tip was used to measure 

potential, Platinum Wire Counter Electrode, and 2mm diameter Gold Working Electrode 

were purchased from CH Instruments, Inc.  (Austin, TX) 2-ethanesulfonic acid (MES), 

potassium hexacyano-ferrate(III) trihydrate, potassium hexacyano-ferrate (III) was 

purchased from Sigma Aldrich Canada (Oakville, ON), potassium hydroxide (KOH) and 

sodium hydroxide (NaOH) were purchased from BioShop Canada Inc. (Burlington, ON). 

Sulfuric acid, and 35% hydrogen peroxide were purchased from VWR International 

(Radnor, PA). 
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2.2 General Methods 

Synthesis and Purification Oligonucleotides 

Random pool, forward primer, and reverse primer were synthesized using dA, dC, dG & 

dT phosphoramidites using 1µmol 5’-DMT-dA 1000Å columns. Oxidizing solution 

containing tetrahydrofuran, pyridine and water was used. For capping agents, cap mix A 

contained 2,6-luditine, Tetrahydrofuran and Acetic Anhydride along with cap mix B 

containing 16% 1-Methylimidazole in tetrahydrofuran were used. Detritylation(deblock) 

reagent containing 3% Trichloroacetic acid in Dichloromethane. The system was flushed 

using high purity (5.0) argon, and all washes were performed with ACN. 

Synthesis and quantification of random pool, forward primer, and reverse primer 

Synthesis of the random pool used as the starting library used in both the Kawasaki 

disease selections and the febrile control selection, was done using primer regions on 

either side of 50 nucleotide random region as shown in Table 1. A mixture of 

phosphoramidites was used to facilitating the even distribution of A, C, G, and T bases. 

The mixture was prepared to a ratio of 1.5:1.5:1.0:1.2 for A, C, G and T respectfully, to 

account for base coupling bias during synthesis.17 Following purification, the quantity of 

synthesized pool was determined by UV-Vis. All masses and extinction coefficients were 

determined using OligoAnalyzer.72 Using Beer-Lambert’s law, and the calculated molar 

absorptivity of 831175 M-1×cm-1, the molecular weight of 27327.2 g×mol-1 the yield was 

514.4 nanomoles. This represents only a fraction of all potential combination of 

nucleotides sequences. 
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Table 1: Synthesized Oligonucleotides for SELEX 

Oligonucleotide Sequence 
Length 
(nt) 

Random Pool 5’-GGC-ACC-AGA-CTT-GCC-CTC-N50-AAC-CTG-GTT-GAT-CCT-GCC-AGT-3’ 89 
Forward Primer 5’-F-GGC-ACC-AGA-CTT-GCC-CTC-3' 18 
Reverse Primer 5’-A20-HEGL-ACT-GGC-AGG-ATC-AAC-CAG-GTT-3’ 41 
# 
Following the synthesis and purification by PAGE, the forward and reverse SELEX primers 

were quantified by UV-Vis. The forward primer has a calculated extinction coefficient of 

180600 M-1×cm-1 and the reverse primer has an extinction coefficient of 446500 M-1×cm-1. 

Quantifications were calculated using Beer-Lambert law shown in Equation 8.  

𝐴 = 𝜖𝑐𝑙 Equation 8 

Where the absorbance (A) is equal to the molar absorption coefficient(e) multiplied by 

the molar concentration(c) and the path length(l). To solve for concentration a 

rearrangement of Equation 8 as shown in Equation 9. 

𝐴
𝜖𝑙 = 𝑐 

Equation 9 

Synthesis and quantification of KD & FC aptamer candidates 

The synthesis of aptamer candidates was performed on 1000Å CPG support columns. 

Following the synthesis of aptamer candidates, purification was done by GlenPak™, and 

extract was dried overnight. Quantification was done by UV-Vis by suspending all samples 

in 200µL of diH2O. After quantification, samples were store in 1.0mL microcentrifuge 

tubes at 20˚C. The extinction coefficients, and molecular mass of aptamer candidates was 

determined using Oligoanalyzer.72   



 (32) 

Aptamers sequences identified for KD-PEP is shown in Table 6, on page 56. The KD-1 

aptamer candidate was synthesized on a 'T' support column. The UV-Vis quantification of 

KD-1 using 429600 M-1cm-1 extinction coefficient, the yield for a single support column 

was 143.89nmol's. The KD-2 aptamer candidate was synthesized on a 'C' support column. 

The UV-Vis quantification of KD-2 using 482700 M-1cm-1 extinction coefficient, the yield 

for a single support column was 135.16nmol's. The KD-3 aptamer candidate was 

synthesized on a 'C' support column. The UV-Vis quantification of KD-3 using 

401700 M-1cm-1 extinction coefficient, the yield for a single support column was 

162.82nmol's. The KD-4 aptamer candidate was synthesized on a 'A' support column. The 

UV-Vis quantification of KD-4 using 391100 M-1cm-1 extinction coefficient, the yield for a 

single support column was 24.41nmol's. The KD-5 aptamer candidate was synthesized on 

a 'A' support column. The UV-Vis quantification of KD-5 using 464500 M-1cm-1 extinction 

coefficient, the yield for a single support column was 178.3nmol's. The KD-6 aptamer 

candidate was synthesized on a 'T' support column. The UV-Vis quantification of KD-6 

using 473000 M-1cm-1 extinction coefficient, the yield for a single support column was 

140.63nmol's. The KD-7 aptamer candidate was synthesized on a 'A' support column. The 

UV-Vis quantification of KD-7 using 458100 M-1cm-1 extinction coefficient, the yield for a 

single support column was 164.69nmol's. The KD-8 aptamer candidate was synthesized 

on a 'T' support column. The UV-Vis quantification of KD-8 using 449000 M-1cm-1 

extinction coefficient, the yield for a single support column was 126.96nmol's. The KD-9 

aptamer candidate was synthesized on a 'T' support column. The UV-Vis quantification of 
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KD-9 using 420500 M-1cm-1 extinction coefficient, the yield for a single support column 

was 138.43nmol's.  

Aptamers sequences identified for FC-PEP is shown in Table 8, on page 59.The FC-10 

aptamer candidate was synthesized on a 'C' support column. The UV-Vis quantification of 

FC-10 using 463100 M-1cm-1 extinction coefficient, the yield for a single support column 

was 120.08nmol's. The FC-11 aptamer candidate was synthesized on a 'T' support column. 

The UV-Vis quantification of FC-11 using 456300 M-1cm-1 extinction coefficient, the yield 

for a single support column was 165.2nmol's. The FC-12 aptamer candidate was 

synthesized on a 'T' support column. The UV-Vis quantification of FC-12 using 

479300 M-1cm-1 extinction coefficient, the yield for a single support column was 

146.39nmol's. The FC-13 aptamer candidate was synthesized on a 'T' support column. The 

UV-Vis quantification of FC-13 using 456200 M-1cm-1 extinction coefficient, the yield for a 

single support column was 148.66nmol's. The FC-14 aptamer candidate was synthesized 

on a 'T' support column. The UV-Vis quantification of FC-14 using 475300 M-1cm-1 

extinction coefficient, the yield for a single support column was 143.37nmol's. The FC-15 

aptamer candidate was synthesized on a 'T' support column. The UV-Vis quantification of 

FC-15 using 482200 M-1cm-1 extinction coefficient, the yield for a single support column 

was 145.13nmol's. The FC-16 aptamer candidate was synthesized on a 'C' support column. 

The UV-Vis quantification of FC-16 using 461000 M-1cm-1 extinction coefficient, the yield 

for a single support column was 118.32nmol's. The FC-17 aptamer candidate was 

synthesized on a 'A' support column. The UV-Vis quantification of FC-17 using 
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454300 M-1cm-1 extinction coefficient, the yield for a single support column was 

151.86nmol's. The FC-18 aptamer candidate was synthesized on a 'C' support column. The 

UV-Vis quantification of FC-18 using 432400 M-1cm-1 extinction coefficient, the yield for a 

single support column was 145.51nmol's. 

Deprotection of the synthesized oligonucleotide strands was performed by extracting the 

CPG beads from the support columns into a 2.0mL Eppendorf tube. 1.0mL of ammonia 

hydroxide was added to the CPG beads and the combined sample was vortexed and 

placed on a heat block (capped) at 65˚C for 2 hrs. The samples were then removed from 

the heat block and allowed to cool to room temperature where 1.0mL of 100mg/mL NaCl 

solution was added for a combined volume of 2.0mL. 

Purification of random pool, forward primer, reverse primer and aptamer candidates 

were done separately in order to avoid contamination. Purification was done using Glen-

Pak™ 12-port manifold. The Glen-Pak™ DNA purification cartridges were prepared by 

eluting 0.5mL of ACN, and 1.0mL of 2.0M triethylammonium acetate (TEAA). The sample 

was prepared by adding 1.0mL of 100g/L of sodium chloride. The sample was eluted 

through the column under vacuum at ~7mMHg in 1.0mL aliquots followed by two 1.0mL 

of 100g/L NaCl solution followed by two 1.0mL aliquots of 4% trifluoroacetic acid (TFA). 

The oligonucleotides were eluted with two 1.0mL aliquots of deionized water into 15mL 

microcentrifuge tubes. Elution was transferred into 1.5 mL microcentrifuge tubes in 

500µL aliquots. 
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The tubes were loaded Savant Automatic Environmental SpeedVac System and allowed 

to dry overnight. The dried sample were resuspended in 400µL of diH2O and quantified 

using a Cary 300 Bio UV-Visible spectrophotometer (UV-Vis) with a detection peak of 

260nm. 

Immobilization of Peptide on Thiopropyl Sepharose 6B 

The immobilization of peptide to Sepharose 6B was done following manufacturer’s 

protocol.73 Immobilizing the KD-PEP on thiopropyl Sepharose 6B requires the activation 

of the thiopropyl for the formation of covalent bond with the cysteine at the N-terminus 

via a disulfide bond. To couple the KD-PEP to the Sepharose beads, 1.0g of Sepharose was 

incubated for 60 minutes in a 20mL solution of 61µM KD-PEP containing 60% 

hexafluoroisopropanol (HFIP) and 10mM Tris-HCl, pH 7.7. Following the incubation, the 

functionalized Sepharose was suspended for 20 minutes in 20mL of 0.1M sodium acetate, 

pH 6.6, then washed 1 time with 15mL of the same 0.1M sodium acetate solution. A 

second washing was done to remove the remaining 2-thiopyridyl groups by suspending 

the functionalized Sepharose for 45 minutes in 15mL solution of 0.1M sodium acetate, 

with 5mM 2-mercaptoethanol, pH 6.0. The Sepharose was washed twice with 35mL and 

stored at 4˚C in 15mL of binding buffer (10mM Tris–HCl, 150mM NaCl, 5mM MgCl2, 1mM 

EDTA, pH 7.5) To functionalize Sepharose with FC-PEP, 1.0g of Sepharose was incubated 

for 60 minutes in a 20mL solution of 37µM FC-PEP containing 60% HFIP and 10mM Tris-

HCl, pH 7.7. Following the incubation, the functionalized Sepharose was suspended for 20 

minutes in 20mL of 0.1M sodium acetate, pH 6.6, then washed 1 time with 15mL of the 
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same 0.1M sodium acetate solution. A second washing was done to remove the remaining 

2-thiopyridyl groups by suspending the functionalized Sepharose for 45 minutes in 15mL 

solution of 0.1M sodium acetate, with 5mM 2-mercaptoethanol, pH 6.0. The Sepharose 

was washed twice with 35mL and stored at 4˚C in 15mL of binding buffer (10mM Tris–

HCl, 150mM NaCl, 5mM MgCl2, 1mM EDTA, pH 7.5) 

SELEX 

A sample of the initial random library or the amplified library was heated to 90˚C then 

cooled slowly to room temperature. 200µL of negative selection peptide-bead conjugate 

was heated to 90˚C for 5 Minutes, then allowed to cool to room temperature for 20 

minutes. The library was combined with the negative selection beaded peptide and 

allowed to incubate for 20 minutes. After incubation, the sample was filtered through 

Spin-X 0.22µm membrane filter and centrifuged at 5000 revolutions per minute (RPM) for 

1 Minute. The filtrate was collected for the forward selection. 

The collected filtrate was heated to 90˚C for 5 minutes, then cooled to room temperature 

for 20 minutes. The positive selection peptide-bead conjugate was heated to 90˚C for 5 

minutes then allowed to cool for 20 minutes. The positive beads were combined with the 

filtrate from the negative selection and allowed to incubate with increased stringency 

round by round. The combined sample was then filtered by centrifugation through 

Amicon® Ultracel® 3K 0.5mL centrifugal filters at 5000 RPM for 1 Minute. The filtrate was 

washed six times with 0.5mL of binding buffer (10mM Tris–HCl, 150mM NaCl, 5mM MgCl2, 

1mM EDTA, pH 7.5) with centrifugation between washes at 5000RPM. The filtrate was 



 (37) 

then washed two times with 0.5mL elution buffer with centrifugation between washes at 

5000RPM. The filtrate containing DNA and peptide was collected and volume determined 

by pipette. 

An equal volume of phenol chloroform/isoamyl alcohol was added to the filtrate. The 

combined sample was vortexed until a white emulsion formed. The sample was 

centrifuged at 14000RPM for two minutes. The aqueous layer was collected. An additional 

aliquot of phenol chloroform/isoamyl alcohol was added to the organic layer. The 

combined organic layer sample was vortexed until a white emulsion formed. The sample 

was centrifuged at 14000RPM for two minutes. The aqueous layer was collected and 

combined with the previously collected aqueous layer. 

The collected combined aqueous layer was aliquoted to 250µL samples into 1.5mL 

microcentrifuge tubes. 30µL of 5M NaCl was added to each 250µL aliquot along with 

500µL of chilled ethanol (-20˚C). The samples were stored overnight at 4˚C. The samples 

were loaded into a chilled microcentrifuge set to at 0˚C. The samples were centrifuged at 

14800 RPM for 60 min. Ethanol was extracted and discarded from the centrifuge tube and 

replaced with 600µL of 70% ethanol at -20˚C. The tubes were centrifuged for 5 minutes 

at 14800 RPM at 0˚C. Ethanol was discarded, and the tubes were allowed to dry in a fume 

hood. 

Polymerase chain reaction (PCR) 

PCR chemical reactions were prepared in a certified biosafety fume hood that was cleaned 

with ethanol prior to use. For each reaction, a 150µL reaction tube was prepared with 50 
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μL FluMag buffer (100mM KCl, 200mM Tris, 2% Triton X-100), 8μL of 25mM MgCl2, 2 μL 

dNTP, 1µL of 100µM Forward primer, and 1µL of 100µM Reverse primer. Non template 

controls contained the same components as the reaction tubes with volume of ssDNA 

replaced deionized water. 

PCR reactions for the amplification of SELEX rounds were prepared on ice. Depending on 

the round, 30-60 reaction tubes were prepared and loaded into a Thermocycler 

(Eppendorf AG 22331 Hamburg, No. 5341 K). The programmed conditions were initial 

heating at 94˚C. Denaturing occurred at 94˚C for 2 minutes, then, the annealing step 

occurred at 59˚C for 1 minute and elongation for 10 minutes at 72˚C. 

The programmed conditions used for the barcoded primers for sequencing were initially 

heated to 94˚C. Denaturing occurred at 94˚C for 2 minutes, then, the annealing step 

occurred at 60˚C for 1 minute and elongation for 10 minutes at 72˚C. 

For each PCR performed, the cycle of denaturation, annealing and elongation was 

repeated 25 times. The finally the stage was allowed to cool to 4˚C. Samples were 

removed, combined and dried in a SpeedVac AES2010 (Savant, USA) 

Polyacrylamide Gel Electrophoresis 

Polyacrylamide gels were prepared based on the expected length of oligonucleotides 

being separated as outlined in Table 2. Twelve percent gels were prepared by combining, 

31.5g of urea, 23.5mL of Acrylamide Stock (Acrylamide/Bis-Acrylamide (19:1) 40% 

solutions), 15.0mL of bulk prepared 5 x TBE buffer (45mM Tris, 45mM boric acid, 1mM 

EDTA) and 14.0mL of water were combined in a 400mL beaker. The solution was placed 
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on a stirring hotplate with external thermocouple set to 37˚C and stirred at 160 RPM. 

Once the solution was fully dissolved, the solution was filtered by gravity through 

Whatman No. 1 filter and allowed to cool to room temperature. In a 1.5mL pop-cap 

Eppendorf, a 450µL solution of 10% ammonia persulfate was prepared using 0.045g of 

ammonia persulfate and 450µL of deionized water. The 450µL of 10% ammonia persulfate 

was added and stirred into the cooled solution along with 35µL of TEMED. The combined 

solution was quickly transferred into two 180mm x 140mm x 1.27mm gel plates 

assembled in SE 600 ChromaTM (Hoefer, USA) dual-cooled electrophoresis unit. 

The gels were allowed to polymerize for 45 minutes. Following polymerization, the 

electrophoreses units were filled with 1 x TBE buffer (9mM Tris, 9mM boric acid, 0.2mM 

EDTA) the gels units were pre-conditioned for 30 minutes with a constant voltage of 250V. 

Samples being loaded for electrophoresis volumes were determined by pipette, and equal 

volume of formamide was added. The combined sample was vortexed, then heated to 

55˚C for 5 minutes. The samples were loaded by 200µL gel loading tips, not exceeding 

1.0mL of total sample per gel. Electrophoresis was monitored using fluorescent emitting 

light pen until strand separation was sufficient and fluorescein tag migrated mid-way 

through the gel. 

Table 2: Poly Acrylamide Gel Electrophoresis recommended percentage and preparation requirements 
based on oligonucleotide lengths. 

Length of 
Oligonucleotides 

(nt) 

Percentage of 
Acrylamide 

(%) 
Urea 
(g) 

Acrylamide 
Stock 
(mL) 

5 x TBE 
Buffer 
(mL) 

Deionized 
Water 
(mL) 

25 19.0 31.5 37.5 15.0 0 
25 to 40  15.0 31.5 29.5 15.0 8.0 
40 to 100  12.0 31.5 23.5 15.0 14.0 
>100 8.0 31.5 17.3 15.0 20.2 
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Gels were removed from electrophoresis units and placed onto a 20 x 20cm Thin-layer 

chromatography (TLC) plates. The gels were images using an Alpha Imager Multi Image 

Light Cabinet (Alpha Innotech, USA) on the epi-UV setting (excitation wavelength of 

254nm). Fluorescein labeled bands were cut from the gel. Using the crush and soak 

method, the gel fragment incubated overnight at 37˚C in a 50mL Eppendorf tube with 

20mL of deionized water74. 

Following incubation, the samples were filtered through a PES 0.45µm 30mm diameter 

syringe filter into a clean 50mL Eppendorf tube. The samples were frozen by liquid 

nitrogen and lyophilized on FreeZone 4.5 (Labconco, USA) at 0.08mbar and -50˚C over 

72hrs. 

Lyophilized sample was resuspended in 2mL deionized water then loaded into an 

Amicon® Ultracel® 3K 0.5mL centrifugal filters at 0.4mL at a time. After each loading, the 

sample was centrifuged at 14000 RPM for 18 minutes. Following the loading of the sample 

into the filter units, the filtride was washed 3 times with deionized water. The filtrate was 

discarded. The filtride was extracted by flipping the filter into a clean 2.0mL 

microcentrifuge tube and centrifuged at 1000 RPM for 5 minutes. Volumes were 

determined by pipette. 

MiSeq Sequencing 

Quantification of DNA was determined using a Take3 micro-volume quantification plate 

(BioTek, VT) and a PowerWave HT spectrophotometer (BioTek, VT). MiSeq sequencing of 
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DNA pools from four SELEX rounds was performed on a NextSeq 500 System (Illumina, 

CA) using MiSeq Control Software (MCS) and a MiSeq Reagent Kit v3 (Illumina, CA). 

The concentrations of DNA present in each SELEX round was normalized to 9nM, then 

diluted to 4nM by serial dilution. The 4nM pool was denatured for 20 minutes at 65˚C, 

5µL of pool was combined with 5µL of 200µM NaOH, and 990µL of chilled Hybridization 

Buffer HT1. Further 360µL of 20pM pool, was combined with 240µL of HT1 to produce a 

running sample with 12pM concentration of DNA from all SELEX Rounds. 

To sequence results of the KD-SELEX and the FC-SELEX, barcoded primers were ordered. 

The primers ordered are set up to identify each round of SELEX performed and distinguish 

Table 3: Adapters ordered from IDT to support KD-SELEX and FC-SELEX identification through MiSeq 
sequencing. Regions bolded and underlined are the barcodes that are used to identify the sequences, and 
the bolded N regions are lengths inserted to lengthen the strands 

 5’-Sequence-3’ 
F1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGGCACCAGACTTGCCCTC 
F2 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNGGCACCAGACTTGCCCTC 
F3 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNGGCACCAGACTTGCCCTC 
F4 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNGGCACCAGACTTGCCCTC 
R1 CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACTGGCAGGATCAACCAGGTT 
R2 CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACTGGCAGGATCAACCAGGTT 
R3 CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNACTGGCAGGATCAACCAGGTT 
R4 CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNACTGGCAGGATCAACCAGGTT 
R5 CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNACTGGCAGGATCAACCAGGTT 
R6 CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNACTGGCAGGATCAACCAGGTT 
R7 CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNACTGGCAGGATCAACCAGGTT 
R8 CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNACTGGCAGGATCAACCAGGTT 

 
To set identify the sequences a combination of “F” primers and “R” primers are used. With 

4 “F” primers and 8 “R” primers a total of 8 pools can be used. Outlined in Table 4 are the 

ordering of the barcoded primers with specific SELEX rounds . 
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Table 4: Allocation of Barcodes by round, quantification results by Take3 and PicoGreen from results of 
PCR. 

COMBO ROUND Barcode Take3  PicoGreen 
  (5’ -  3’) (ng/µL) (nM) (ng/µL) (nM) 
F1+R1 Initial Pool CGTGAT 18.5 184.0 18.5 184 
F1+R2 KD-SELEX R2 ATTGGC 14.1 140.15 5.2 52 
F2+R3 KD-SELEX R3 ACATCG 43.5 432.16 94 934.1 
F2+R4 KD-SELEX R4 GATCTG 11.9 129.48 23.1 229.7 
F3+R5 KD-SELEX R4 (DEC 2018) GCCTAA 13.0 367.98 187 1858.3 
F3+R6 FC-SELEX R2 TCAAGT 37.0 118.54 2.2 21.9 
F4+R7 FC-SELEX R3 TGGTCA 20.6 204.65 70.3 698.2 
F4+R8 FC-SELEX R4 CACTGT 9.0 96.73 4.8 48.1 

 

 
To prepare the SELEX sequences for sequencing, 8 separate PCRs were done. To ensure 

efficient replication, a gradient of annealing times was used to determine the optimal 

annealing temperature for the barcoded primers.  

 
Figure 9: Temperature gradient between 55˚C Lane 3, to 60˚C lane 10. 

 
It was determined that the optimal annealing temperature was 55˚C. PCR was run on all 

8 barcoded combinations, the product from PCR was run on 8% UREA gel, and the 

corresponding bands were imaged, and desired bands were extracted. After crush soak, 

and desalting, the products were quantified. 

The quantification of ssDNA from the barcoded PCR amplifications was done on a Take3 

micro-volume plate reader and by PicoGreen analysis outlined in Table 4. The 

quantification of F1+R1, Initial pool, by Take3 was 183.99nM, and by PicoGreen was, 

183.99nM, the quantification of F1+R2, KD-SELEX round 2, by Take3 was 140.15nM, and 
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by PicoGreen was, 52.05nM, the quantification of F2+R3, KD-SELEX round 3, by Take3 was 

432.16nM, and by PicoGreen was, 934.09nM, the quantification of F2+R4, KD-SELEX 

round 4, by Take3 was 118.54nM, and by PicoGreen was, 229.71nM, the quantification of 

F3+R5, KD-SELEX round 4 performed in December 2018, by Take3 was 129.48nM, and by 

PicoGreen was, 1858.33nM, the quantification of F3+R6, FC-SELEX round 2, by Take3 was 

367.98nM, and by PicoGreen was, 21.86nM, the quantification of F4+R7, FC-SELEX 

round 3, by Take3 was 204.65nM, and by PicoGreen was, 698.2nM, and the quantification 

of F4+R8, FC-SELEX round 4, by Take3 was 89.42nM, and by PicoGreen was, 48.08nM 

Gold Disk Real Surface Area 

Preparation of the 2mm gold disk working electrode was done in advance of 

functionalization. Using a PK-4 Electrode polishing kit (Basi, USA), the electrode was first 

polished with ultrafine diamond polish on a diamond polishing pad for 3 minutes moving 

the electrode in a figure 8 pattern, changing the angle of rotation 90˚ every 30 seconds. 

The electrode was then polished with ultrafine polishing alumina on alumina polishing 

pads for 3 minutes moving the electrode in a figure 8 pattern, changing the angle of 

rotation 90˚ every 30 seconds. Once complete the electrode was rinsed with deionized 

water. Following polishing, electrodes were suspended in 30% piranha solution for three 

minutes, then rinsed with deionized water. 

All electrochemical experiments were performed using CHI660C Electrochemical 

Workstation (CH Instruments, USA). Working electrode was electrochemically cleaned 

twice with 1M H2SO4 followed by 1M KOH.  A gold disk electrode, Ag/AgCl reference 
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electrode, and platinum counter electrode were used in the three electrode setup. Using 

cyclic voltammetry (CV) the electrode potential was cycled between -250 to 1650mV 

(vs. Ag/AgCl) in 1M sulfuric acid with a negative initial scan polarity, and a scan rate of 

200mV/s with a sample interval of 2mV for 10-20 cycles until the CV scans were stable. 

A second electrochemical cleaning was performed. The Electrode potential was cycled 

between -1200 to -200 mV (vs. Ag/AgCl) in a 1M KOH with a negative initial scan polarity, 

and a scan rate of 200mV/s with a sample interval of 2mV for 10-20 cycles until the CV 

scans were stable. 

Real surface area of the cold disk electrode was determined by CV cycling the potential 

between -100 to 800mV (vs. Ag/AgCl) in 0.1M KCl solution containing 5mM [Fe(CN)6]3-/4- 

with a positive initial scan polarity, with a sample interval of 1mV for 10 cycles. A 

calibration curve was plotted using peal data from 10, 20, 40, 60, 80, 100, 150 and 200 mV 

sweep rates. 

Functionalization of gold disk electrode with peptide 

The gold disk-peptide modified electrode was prepared by suspending the peptide in 

0.1M MES buffer (pH 6.8).A peptide concentration of 2mM was used for each KD-PEP and 

FC-PEP. The incubation times for the electrodes was trialed between 2 hours, and 20 

hours to determine if there is variance in the time needed for the formation of a self-

assembled monolayer of the peptide. Concentration of KD-PEP and FC-PEP used in 

incubations with gold electrode was 2.0mM. Concentration of aptamer for all trials was 

5.0µM and was suspended in diH2O 
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ATR FT-IR 

The functionalized electrodes were rinsed with diH2O after peptide incubation, and after 

aptamer incubations, FT-IR was performed on a Cary 630 FT-IR with diamond ATR 

attachment. The data were collected with MicroLab PC (Agilent, USA). Spectral data were 

then analyzed using GRAMS AI software (ThermoFisher, USA) 

3D Printing 

It is with great appreciation that Peter Mosher (Carleton University) graciously donated 

the time and filament needed to 3D print the FT-IR apparatus using PLA printing filament. 

Using Fusion360 (Autodesk, USA) modeling software an apparatus was designed to hold 

a 2mm gold disk electrode vertically so that the active surface of the electrode was in 

contact with the diamond surface of the ATR. Once designed, the apparatus was printed 

using a Creality 10s 3d Printer (Creality, CN), using polylactic acid (PLA) filament.  
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3.1 Statement of Contributions 

The methodology for KD-SELEX was discussed and designed by Evan Monk, Dr. Maria 

DeRosa, Dr. Eman Hassan, Dr. Emily Mastronardi, and Madison Ferguson, with Kawasaki 

disease biomarker advisory by Dr. Jane C. Burns (University of California San Diego) and 

John C. Whitin (Stanford University). FC-SELEX was discussed and designed by Evan Monk 

with Dr. Maria DeRosa. KD-SELEX was performed by Evan Monk, FC-SELEX was performed 

by Evan Monk and Dr. Kama Szereszewski. Sequencing for KD-SELEX was performed by 

Evan Monk with support of Dr. Alex Wong. FC-SELEX was performed by Evan Monk, Dr. 

Kama Szereszewski, with support of Dr. Alex Wong. Sequence analysis was performed by 

Evan Monk. Electrochemistry experiments were discussed and designed by Evan Monk 

with Dr. Maria DeRosa with the assistance of Dr. Daniela Márquez. FT-IR apparatus was 

designed by Evan Monk. 

3.2 SELEX Project Design 

To meet the thesis objective, two FluMag SELEX experiments were performed. The 

primary SELEX performed was for Kawasaki Disease (KD-SELEX), and the secondary SELEX 

performed was for the febrile disease (FC-SELEX). To facilitate selection, both KD-PEP and 

FC-PEP were bound to Thiopropyl Sepharose 6b beads. 

3.2.1 KD-SELEX 

For the KD-SELEX, the peptide fragment H2N-KYFHARGNYC-amide (KD-PEP) bound to 

Thiopropyl Sepharose 6b was used to represent the potential biomarker SAA7860 at the 

SAA 51/52 was used as the positive selections. The negative selection was peptide 



 (48) 

fragments H2N-ANYIGSDKYFHARGC-amide (FC-PEP) that corresponds to the SAA 44/45 

cleavage side that has been identified for febrile diseases. An overview of the SELEX is 

shown in Figure 10. 

 
Figure 10: FluMag SELEX for Kawasaki disease using FC-PEP as negative control, and KD-PEP for positive 
control. 

 
A library of ssDNA with a randomized region of 50nt to be used as the starting pool was 

synthesized, and the first negative selection was performed with FC-PEP incubation. Any 

strands that bound to FC-PEP remained bound to the bead, and any strand not bound was 

removed by filtration. The filtrate was then used in the positive selection, where the 

library is in contact with the KD-PEP target. Any strands bound to the beads, remained, 

and any strands not bound were filtered and discarded. The ssDNA bound to the KD-PEP 

was then separated through multiple elutions, both the bound ssDNA and the KD-PEP 

fragment were captured, and the cleaved beads were discarded. Through a phenol-

chloroform extraction, the ssDNA was separated from the peptide and suspended in 

diH20. The ssDNA was amplified by PCR using Taq polymerase. Following amplification, 
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the newly amplified library was purified by PAGE, desalted and ready for subsequent 

rounds.   

3.2.2 FC-SELEX 

For the FC-SELEX, the FC-PEP was used as the positive selections, and the KD-PEP was 

used as the negative selections. 

 
Figure 11: FluMag SELEX for other febrile diseases using KD-PEP as negative control, and FC-PEP for 
positive control. 

 
A random library starting pool was synthesized, and the first negative selection was 

performed with KD-PEP. Any strands that bound to KD-PEP remained bound to the bead, 

and any strand not bound was filtered. The filtrate was then used in the positive selection, 

where the library is in contact with the FC-PEP target. Any strands bound to the beads, 

remained, and any strands not bound were filtered and discarded. The ssDNA bound to 

the KD-PEP was then separated through multiple elutions, both the bound ssDNA and the 

KD-PEP fragment were captured, and the cleaved beads were discarded. Through a 
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phenol-chloroform extraction, the ssDNA was separated from the peptide and suspended 

in diH20. The ssDNA was amplified by PCR using Taq polymerase. Following amplification, 

the newly amplified library was purified by PAGE, desalted and ready for subsequent 

rounds. An overview of FC-SELEX is shown in Figure 11. 

3.2.3 Aptamer Pool and Primer Design 

In order to amplify the DNA that was extracted following each round of SELEX, a forward 

primer matching the primer region synthesized on the 5’ end on random pool, and a 

reverse primer which is complementary to the 3’ primer of the random pool, as illustrated 

in Figure 12. 

 
Figure 12: Forward and Reverse primer design used in the febrile control and Kawasaki disease SELEX 
and the amplifications produced by PCR 

 
When the DNA is amplified by PCR, then purified and extracted by gel electrophoresis, 

identifiers need to be added in order to correctly extract the desired amplicons. The 

forward primer is fluorescently tagged with fluorescein to as a visual identification of the 

target. The reverse primer is tagged with a Hexaethylene glycol (HEG) spacer along with 
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a poly-A tail. The HEG spacer, is added to prevent polymerase activity at the 3’ terminus 

during amplification of the aptamer candidates for subsequent rounds. The poly-A tail is 

added to increase the overall mass, making it possible to extract just the library from the 

gels as depicted in Figure 13. 

 
Figure 13: Kawasaki Disease Round 1 Electrophoresis Gel. A) 1. Left lane depicts ssDNA ladder, 2. Lower 
of two bands representing amplified pool with forward 3. Non template control lane showing slight 
contamination. 

 
3.2.3 Polymerase Chain Reaction (PCR) 

Each round of PCR has three phases. Denaturation, Annealing, and Elongation. 

Denaturation is required to have ssDNA melt from its secondary or tertiary structures by 

breaking the hydrogen bonds that hold the ssDNA in conformation. Annealing Step is 

performed between 50-60˚C which allows primers to bind to their respective complement 

strands. Lengths of primers and the ssDNA strands they bind to affect the optimal 

temperature needed for annealing. During annealing, the polymerase will bind to the 

primer template. During elongation, the polymerase will elongate the primer strand to 

complement the strands that is being replicated.   

B

1

The is KD Selection – R1 

2

3

2

3



 (52) 

 
Figure 14: Annealing temperature gradient for 55˚C to 62˚C study with forward, and reverse primers with 
template ssDNA. A) 12% Gel with 15 lanes. Lane 1 is ssDNA ladder, and lanes 4-15 are increasing in 
temperature from 55˚C to 62˚C. 2 points to lane selected as optimal temperature 

 
To ensure efficient replication, a gradient was run to ensure the best results. As shown in 

Figure 14, a temperature gradient was run between 55˚C and 62˚C. Lane 12 represents a 

temperature of 60˚C. This temperature was chosen for the intensity of the thick band 

identified in Figure 14-A. Each lane shows failed replications, and the ssDNA ladder in 

Lane 1, allows the identification of the strands. Further as shown in Figure 14-B the 

fluorescent band shows the effective replication of the forward strands as their primer 

contains a fluorescein label. 

3.3 Bioinformatics 

3.3.1 AptaSUITE 

A large amount of data is generated from MiSeq sequencings. Both KD-SELEX and 

FC-SELEX data, and open-source bioinformatics software AptaSUITE, was employed to 

perform comprehensive analysis. AptaSUITE combines multiple software solutions 

previously developed separatly, AptaPLEX, AptaSIM, AptaCLUSTER, AptaTRACE, and 

AptaMUT. This software allowed the extraction of barcoded sequence data, clustering of 

data, analysis of mutations and overall round by round, enrichments and counts. 
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Since two SELEX were performed, in order to meet the thesis objectives, and to analyze 

the sequence data from MiSeq sequencing, the data had to be arranged to represent each 

SELEX condition. AptaSUITE inputs were done in a manner that eliminated sequences that 

were present in both SELEX enriched libraries. Since Sepharose 6b beads were used as 

both positive and negative selections the sequences that had an affinity to the beads 

would be eliminated in this way.  

Table 5: AptaSUITE positive rounds used for negative and positive controls based on SELEX performed 

 Round 1 Round 2 Round 3 Round 4 
SELEX Negative Positive Negative Positive Negative Positive Negative Positive 
KD-Pool FC-R1(+) KD-R1(+) FC-R2(+) KD-R2(+) FC-R3(+) KD-R3(+) FC-R4)+) KD-R4(+) 
FC-Pool KD-R1(+) FC-R1(+) KD-R2(+) FC-R2(+) KD-R3(+) FC-R3(+) KD-R4(+) FC-R4)+) 

 

 
From AptaSUITE, the ssDNA sequences identified through sequencing results in a pool of 

varied sequence length. The variance from the expected size of random region in both 

the KD and FC SELEX is the result of the base deletion rate of 2.8%, and the base insertion 

rate of  0.1% that occurs during PCR by Taq polymerase.75 These deletions and insertions 

are amplified round over round. 

AptaSUITE is designed to extract data from HiSeq and provide enrichment counts round 

by round. Since MiSeq was performed and the input of positive SELEX round data as 

negative controls for the counter SELEX analysis, this resulted in AptaSUITE not being able 

to provide enrichment data round by round, and therefore data were extracted by the 

total count after round 4. 5985 sequences for the KD-peptide and 2470 sequences for the 

FC-peptide were selected based on the total counts generated in AptaSUITE, then were 

imported into excel for further screening. 
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3.3.2 Reducing complementarity through analysis in EXCEL 

As outlined in the thesis objectives, the goal for the project was to create a multiplex 

sensor that could detect both the novel SAA7680 peptide associated with KD against SAA 

fragments that arise in patients with other febrile diseases. As a result, two additional 

criteria for these sequences had to be met in order to be chosen for further 

characterization. During the analysis of aptasuit, the pool was screend to have no more 

that 30 bases similar to one another in order to minimize overlap in sequences in order 

to retain the most specific aptamers. Furthermore, sequences for KD-PEP and FC-PEP 

could not be highly complementary in order to avoid any situation where the aptamers 

would hybridize with each other rather than interact with their respective peptides. 

 
Figure 15: Example of EXCEL sliding sequence analysis for potential aptamers for KD-PEP, with look up value 
to search against potential sequences in Febrile disease peptide data 

 
Each sequence was compared through four screenings (see Figure 15). The first screening 

looked for 8-base overlaps in complementarity between sequence pools. The number of 

times the sliding sequences of a single candidate sequence showed up in all of the 

sequences in the other pool, its count was recorded, and the sum of all fragments present 

was used to generate total count score. All sequences were compared between KD and 

FC candidates, and the sequences with a cut off score of 100 and below were collected 

Table based figures Masters thesis 
 

       1   …..20 30 40DMRE    50D   60 70 ...... 120  
SAA      M ..…..S FFSFLGEAFD GARDMWRAYSDMRE     ANYIGSD   K   YFHARGNY DAAKRGPGGV ...... LPE KY 
SAA 44/45    M ..…..S FFSFLGEAFD GARDMWRAYSDMRE     ANYIGSD   K  YFHARGNY DAAKRGPGGV ...... LPE KY 
SAA7860     M ..…..S FFSFLGEAFD GARDMWRAYSDMRE     ANYIGSD   K  YFHARGNY DAAKRGPGGV ...... LPE KY 
                   

Lys-N 
                      

                  

Lys-C 
                  

                  

Proteinase K  
               

               

Glutamyl endopeptidase  

              

              

Staphylococcal peptidase I 
            

            

             

 
 
 
    50D        60         70         80 90 100 110 120  

SAA 44/45       ANYIGSD K Y F H A R G N Y D A A K R G P G G V W A A E A I S D A R ENIQRFFGHG AEDSLADQAA NEWGRSGKDP NHFRPAGLPE KY 
                                       

                                       
                                       

                                       

SAA7860     K Y F H A R G N Y D A A K R G P G G V W A A E A I S D A R ENIQRFFGHG AEDSLADQAA NEWGRSGKDP NHFRPAGLPE KY 
                                       

                                       

SAA7860-K         Y F H A R G N Y D A A K R G P G G V W A A E A I S D A R ENIQRFFGHG AEDSLADQAA NEWGRSGKDP NHFRPAGLPE KY 
                                       
                                       

    Ac- K Y F H A R G N Y - C - amide  KD-PEP    Kawasaki disease SELEX    
                                   

                                   

   H2N- ANYIGSD K Y F H A R G - C - amide   FC-PEP    Febrile diseases SELEX    
                                  

                                  

  
 
 
 
Sequence:     5'-CAATATCTTTCGACCTTCTTCTCAACTTTGAGCTCATGTACTCTGCGATA-3’ 

     STRING COMPLEMENT 
Search 1 5'- CAATATCTTTCGACCTTCTTCTCAACTTTGAGCTCATGTACTCTGCGATA -3'  5'- CAATAT -3'  5'- ATATTG -3' 

Search 2 5'- CAATATCTTTCGACCTTCTTCTCAACTTTGAGCTCATGTACTCTGCGATA -3'  5'- AATATC -3'  5'- GATATT -3' 

Search 3 5'- CAATATCTTTCGACCTTCTTCTCAACTTTGAGCTCATGTACTCTGCGATA -3'  5'- ATATCT -3'  5'- AGATAT -3' 

Search 4 5'- CAATATCTTTCGACCTTCTTCTCAACTTTGAGCTCATGTACTCTGCGATA -3'  5'- TATCTT -3'  5'- AAGATA -3' 

Search 5 5'- CAATATCTTTCGACCTTCTTCTCAACTTTGAGCTCATGTACTCTGCGATA -3'  5'- ATCTTT -3'  5'- AAAGAT -3' 

Search 6 5'- CAATATCTTTCGACCTTCTTCTCAACTTTGAGCTCATGTACTCTGCGATA -3'  5'- TCTTTC -3'  5'- GAAAGA -3' 

Search 7 5'- CAATATCTTTCGACCTTCTTCTCAACTTTGAGCTCATGTACTCTGCGATA -3'  5'- CTTTCG -3'  5'- CGAAAG -3' 

Search 8 5'- CAATATCTTTCGACCTTCTTCTCAACTTTGAGCTCATGTACTCTGCGATA -3'  5'- TTTCGA -3'  5'- TCGAAA -3' 

…  …    …    …  

Search 43 5'- CAATATCTTTCGACCTTCTTCTCAACTTTGAGCTCATGTACTCTGCGATA -3'  5'- GCGATA -3'  5'- TATCGC -3' 
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for the second screening. The second screening looked for base complementarity of 7-

bases. This resulted in 100 sequences to be transferred to the third analysis. The third 

analysis examined where there were only 6-bases in complementarity was present, which 

reduced the potential sequences to 20 candidates for both the KD and FC peptides. In the 

final analysis, the 20 sequences from the third round were screened based on a 5-base 

complementarity. Those with the highest score were discarded one by one and pool by 

pool. Those with the highest score were the sequences with the highest number of 5-base 

pair complementarity with sequences selected for the negative selected peptide.  As each 

sequence was deleted, the overall scores of other sequences went down. These sequence 

removals were done on the top scoring sequences until all sequences had a 

complementarity score of zero. This generated the candidates for KD-PEP and FC-PEP that 

would be considered and characterized. 

3.4 Aptamer Candidates 

3.4.1 Aptamer Candidates for Kawasaki Disease 

After the bioinformatics and the screening of sequences with a reduced number of base 

complementarities, nine aptamer candidates were chosen for the KD-cleavage peptide as 

shown in Table 6. 



 (56) 

Table 6: Potential aptamer sequences to be characterized for KD-PEP 

ID Sequence 
Length 
(nt) 

KD-1 5’-ATC-TCA-CCA-CTC-CTT-TGT-CGG-TCG-CTC-CGC-CGA-TGC-CCC-GAG-CAG-TTC-T-3’ 49 
KD-2 5’-AAA-TCA-GCC-TCC-TAA-TAC-GAC-CTT-CAC-GAC-GGT-AGT-AGC-CCA-ATA-TCC-AC-3’ 50 
KD-3 5’-ACC-TGC-GCA-CTG-TCT-GAA-CCT-AAT-TTG-CGC-TCC-GTG-CAA-AAG-CC-3’ 44 
KD-4 5’-CAC-TTT-TTC-GCG-CCC-GAG-AAC-TAC-GCA-TCT-CGT-TGC-CTG-TAT-A-3’ 43 
KD-5 5’-GAT-TTG-CTA-TCA-GCG-CCA-TCC-TAC-CTT-GGA-CAA-GTT-CAT-GAA-CCC-TCT-CA-3’ 50 
KD-6 5’-AGG-ACG-GGC-TTC-CCC-TCG-ATA-GGA-CGC-AAC-CTC-AGG-CGC-ATT-AGT-CCG-AT-3’ 50 
KD-7 5’-CAA-TAT-CTT-TCG-ACC-TTC-TTC-TCA-ACT-TTG-AGC-TCA-TGT-ACT-CTG-CGA-TA-3’ 50 
KD-8 5’-ATG-GTG-CGC-TAT-ATC-ACA-ACC-CTT-CCT-TTC-CTC-TAA-CGT-GGC-CCG-ATC-CT-3’ 50 
KD-9 5’-ACA-TGC-ACT-GGC-TTA-GGA-GAC-ACT-CCG-CCC-CTT-GTC-CAG-GTA-GGT-3’ 45 

 

 
The identified sequences were entered into RNAStructure in order to determine the 

expected secondary structure the sequences would take on. These structures are 

determined by the lowest free energy by combining multiple thermodynamic theorems 

such as pairing probabilities. Current methods of structure prediction have an accuracy as 

high as 73%.76 

Table 7: Summary of predicted physical characteristics of KD-PEP aptamer candidates as shown in Figure 
16. 

 
Length 
(nt) 

Free Energy 
(q) g-quad Hairpin Bulge Internal Loop Pseudoknot 

KD-1 49 -5.9 - 2 1 - - 
KD-2 50 3.8 - 1 - 1 - 
KD-3 44 -4.3 - 1 - - - 
KD-4 43 -3.6 - 1 1 - - 
KD-5 50 3.7 - 2 - - - 
KD-6 50 -6.4 - 3 - - - 
KD-7 50 4.0 - 1 - - - 
KD-8 50 -0.8 - 2 - - - 
KD-9 45 -3.8 - 2 1 1 - 

 

 
The predicted physical characteristics of KD-PEP aptamer candidates are summarized in 

Table 7, and shown in Figure 16. 

It is observed in the KD aptamer candidates that KD-1, KD-2, KD-3, KD-5, KD-7 and KD-8 

have very simple structures, where candidates, KD-4, KD-6 and KD-9 are more complex 

structures. All sequences were also analyzed by g-guadruplex prediction software QGRS 
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Mapper. None of the aptamer candidates for KD-PEP are predicted to form 

g-quadruplexes.77,78Reviewing online aptamer database Aptagen79, higher structure 

complexity is seen in the majority of aptamers in the database. Nevertheless, there are a 

number of aptamers that are less structured like the KD-PEP candidates, that have been 

selected for peptides such as; HIV-1 reverse transcriptase, Hepatitis C subtype 3a 

polymerase, and histidine tagged proteins.80–82  

The generally simple structures predicted for the aptamer candidates could be a result of 

PCR, and the inability for TAQ polymerase to bind as readily during the denaturing step of 

the PCR cycle, or the formation of the complex structure during elongation resulting in 

TAQ, not being able to replicate the region, resulting in short fragments of ssDNA being 

discarded during purification.77  

To facilitate the replication of more complex aptamer structures, PCR could be further 

enhanced by the addition of DMSO to the master mix, as studies have shown it aid in the 

denaturation of GC-rich DNA.83 Further Glycerol has also been shown to improve the yield 

of amplified products as it acts as an enzyme stabilizer.84 

Alternative polymerases could also be used in conjunction with TAQ polymerase or to 

replace TAQ completely. Due to the high percentage of mutation errors associated with 

TAQ, alternative polymerases have been studied to optimize the PCR amplification 

process such as Ffu DNA polymerase could result in high fidelity amplifications.85–87 
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Figure 16: Structure predictions for KD-PEP aptamer candidates using RNAStructure76 
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KD-7 KD-8 KD-9



 (59) 

3.4.2 Aptamer Candidates for Febrile Disease 

Following Bioinformatics, nine candidates were selected for the Febrile spanning peptide 

as shown in Table 8. 

Table 8: Potential aptamer sequences to be characterized for FC-PEP 

ID Sequence 
Length 
(nt) 

FC-10 5’-ACA-TAT-GAA-ATG-GGC-TGC-GGT-CTT-TTG-TCA-CGC-TTT-CGT-GTA-TCC-CTG-AC-3’ 50 
FC-11 5’-ACT-TCT-GCG-AAT-GTA-TTA-CTG-GAT-GTC-GAA-GAG-GGC-AAC-ACA-AGT-T-3’ 46 
FC-12 5’-TTC-ACG-CTG-ACC-GGC-CGA-TTT-AAA-CAG-TTG-TAA-CCT-GCA-ATC-ACG-TAG-AT-3’ 50 
FC-13 5’-GGA-GCC-TGA-CCT-TGC-TCT-TAG-ATC-TCG-ATA-TGG-TTG-ATG-CCC-CTC-GTG-TT-3’ 50 
FC-14 5’-GGT-GGG-AAC-GCT-GAC-AAC-TGT-CTG-GGT-GGA-CGA-ACG-CTG-TGA-CGC-TCA-TT-3’ 50 
FC-15 5’-CAG-TCC-CCT-TAG-CGA-GGC-CTC-TAC-GAG-GCT-AGA-TGA-AAG-CGT-AAA-ACT-TT-3’ 50 
FC-16 5’-ATA-CCG-CCC-GTT-GAC-AAT-CCG-ATC-GGC-CTG-CTT-ACC-CGG-AAC-GGC-GAT-TC-3’ 50 
FC-17 5’-GTT-GCA-TCT-AGC-AAG-TCG-CTT-TTT-GGT-GGC-TCT-GAT-GCT-TTC-GTT-CAC-TA-3’ 50 
FC-18 5’-TCT-TCG-TCG-TCC-CTG-CAG-CTC-ATC-CTT-GGA-TTG-TAT-GCG-GTA-CGC-CCG-C-3’ 49 

 

The physical characteristics of KD-Cleavage aptamer candidates is summarized in Table 9, 

and shown in Figure 18.  

Table 9: Summary of predicted physical characteristics of FC-PEP aptamer candidates as shown in Figure 
18. 

 
Length 
(nt) 

Free Energy 
(q) g-quad Hairpin Bulge 

Internal 
Loop Pseudoknot 

FC-10 50 -4.2 - 3 - - - 
FC-11 46 -1.9 - 2 - 1 - 
FC-12 50 -1.4 - 2 1 - - 
FC-13 50 -2.9 - 2 - 1 - 
FC-14 50 -2.2 Yes 3 - - - 
FC-15 50 -4.8 - 2 - - - 
FC-16 50 -6.5 - 2 1 - - 
FC-17 50 -4.4 - 1 2 - - 
FC-18 49 -4.0 - 1 - - 1 

 

The predicted secondary structures for FC-PEP aptamer candidates show far more 

structured and complex shapes than those predicted for KD-PEP. One candidate, FC-18 

show the potential for a pseudoknot formation. All sequences were entered into QGRS 

Mapper, a software that predicts the formation of a g-quadruplex. FC-14 was the only 

sequence that was resulted in a predicted g-quadruplex due to the number of guanines 
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present.78 The formation of a g-quadruplex is the result of Hoogstein bonding to form a 

tetrad as shown in Figure 17.  

 
Figure 17: G-quadruplex molecular overview A. Watson-Crick hydrogen bonds and Hoogstein hydrogen 
bonds to form a tetrad. B. Stacked g-quadruplex tetrad  

 
The predicted structures of aptamer candidates are based on computational models.76 

Further confirmation of aptamer structure could be confirmed by circular dichroism 

(CD).88,89 
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Figure 18: Structure prediction for FC-PEP aptamer candidates, including Pseudoknot structure for 
FC-18 using RNAStructure76 
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3.4.2.1 Synthesis yields of aptamer candidates 

Modern solid phase synthesis can have upwards of 99.50% coupling efficiency per 

coupling reaction. Using a conservative 98.50%, on a support column with a 1µmol 

capacity, the theoretical maximum yield for a 50-base sequence would be 470 nmol. 

Based on 98.5% coupling efficiency, the yield of synthesis for KD-1 was 30.2 representing 

a coupling efficiency of 96.1%, the yield for KD-2 was 28.8% with a coupling rate of 96.1%, 

the yield for KD-3 was 31.7% with a coupling rate of 96.0%, the yield for KD-4 was 4.7% 

with a coupling rate of 91.7%, the yield for KD-5 was 38.0% with a coupling rate of 96.6%, 

the yield for KD-6 was 29.9% with a coupling rate of 96.2%, the yield for KD-7 was 35.1% 

with a coupling rate of 96.5%, and  the yield for KD-8 was 27.0% with a coupling rate of 

96.0%, the yield for KD-9 was 27.3% with a coupling rate of 95.7%. The yield of synthesis 

for FC-10 was 25.6% representing a coupling efficiency of 95.9%, the yield for FC-11 was 

33.1% with a coupling rate of 96.2%, the yield for FC-12 was 31.2% with a coupling rate 

of 96.2%, the yield for FC-13 was 31.7% with a coupling rate of 96.3%, the yield for FC-14 

was 30.5% with a coupling rate of 96.2%, the yield for FC-15 was 30.9% with a coupling 

rate of 96.2%, the yield for FC-16 was 25.2% with a coupling rate of 95.8%, the yield for 

FC-17 was 32.3% with a coupling rate of 96.3%, and the yield for FC-18 was 30.5% with a 

coupling rate of 96.1%. 

The coupling efficiency of support columns could greatly impact the overall cost to 

produce these aptamers on a larger scale. Special considerations may be needed in the 

calibration for specific columns, or the need for increased coupling times. This is not an 



 (63) 

issue during the initial characterization as the total amount of aptamer needed is in the 

nmol scale. 

3.5 Electrochemistry 

3.5.1 Electrochemical Cell 

For the analysis of the interaction between the peptide fragments and the associated 

aptamers was done using an electrolytic cell containing a 2mm gold disk working 

electrode, a platinum counter electrode and a Silver-silver chloride (Ag+/AgCl) reference 

electrode with 1.0M KOH, using freshly prepared 5mM Ferricyanide in 0.1M KOH as 

illustrated in Figure 19.  

 
Figure 19: Electrolytic cell used for analysis of KD-PEP and FC-PEP and their interactions with their 
aptamers 

 
3.5.2 Surface area determination 

To determine the surface area of an electrode, cyclic voltammetry was performed 

between -100mV to 800mV, with sweep rates of; 10 mVs-1, 20 mVs-1, 40 mVs-1, 60 mVs-1, 

Working electrode (Au)

Counter electrode (Pt)

Reference Electrode 
(Ag+/AgCl) 1M KOH

Potentiostat

Electrolyte
(Potassium hexacyanoferrate (III))

CH Instruments
CHI660C
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80 mVs-1, 100 mVs-1, 150 mVs-1, and 200mVs-1. The peak current on the final cathodic peak 

sweep was collected and used to plot a calibration curve against the square root of the 

sweep rate. This calibration curve generated a slope which could be used to calculate the 

area. Using simplified Randles–Sevcik in Equation 7.68 

𝑖3 = K𝐹𝑛
)
,𝐴√𝐷𝐶N√𝑣		 

Equation 7 

To solve for the area the equation must be rearranged to and changed to represent the 

slope. 

𝑚 = 268600𝑛
)
,𝐴√𝐷𝐶 

Equation 10 

Where the Faradays constant (F) is multiplied by the surface area (cm2) of the electrode, 

multiplied by the diffusion coefficient (D) and the concentration (C) of the electrolyte 

multiplied by the number of electrons transferred in a ferricyanide reversible redox 

reactions.68 

[𝐹𝑒(𝐶𝑁)5]6+ ⇌	 [𝐹𝑒(𝐶𝑁)5])+ 	+ 	𝑒+ 

The slopes for each of the available electrodes are shown in Figure 20 and Figure 21. The 

data are summarized in Table 10. The expected surface area for a 2mm gold disk is 

3.14mm2. 
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Figure 20: Slope used to calculate surface area of electrode B, C, D and E. These electrodes were used 
during the optimization experiments. 
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Figure 21: Slope used to calculate surface area of electrode G, H, I and J 
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Table 10: Summary of slopes, surface areas and R2 of electrodes available at the beginning of the 
experiment. 

 Slope Intercept R2 Area Note 
 (10-5) (10-5)  (mm2)  

Electrode A 0 0 0 0 Failed 
Electrode B 11.30 0.85 0.976 3.06  
Electrode C 11.70 0.98 0.937 3.16  
Electrode D 6.78 1.43 0.969 1.83  
Electrode E 7.00 1.35 0.982 1.89  
Electrode F 0 0 0 0 Failed 
Electrode G 4.26 1.30 0.985 1.15  
Electrode H 6.50 1.37 0.977 1.75 Visible surface damage 
Electrode I 3.63 1.27 0.981 0.98  
Electrode J 4.75 1.28 0.988 1.28  

 

 
The summary of surface areas determination for Electrodes A-J is shown in Table 10. 

Electrodes A and F failed at conducting in the electrolytic solution. Electrode H had visible 

damage on the gold surface and was not used. Pairing electrodes by size allowed for 

multiple experiments, where surface areas could be analyzed in relation to the results 

obtained. Electrodes B and C were paired, and electrode C and D were paired due to their 

similar surface areas.  

3.5.3 Electrochemical sensor design and optimization 

As outlined in thesis objectives, the goal was to design a sensor where a patient sample 

could be introduced and the sensor would be able to determine if the patient was ill from 

a febrile illness, or whether the patient had Kawasaki disease. This would provide 

physician with a tool to recommend the proper course of treatment. Ideally, the aptamers 

should be tested for their affinity for the relevant biomarkers free in a complex matrix, 

and those with the highest affinity should be incorporated within the sensor. As shown in 

Figure 22, the screening of aptamers candidates, using gold disk electrode, requires the 

functionalization of KD-PEP and FC-PEP were tethered to separate electrodes by the sulfur 
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groups on the C-terminus cysteine by sulfur-gold interaction.90,91 Following confirmation 

of functionalization, the electrode is then incubated with aptamer. 

 
Figure 22: Functionalization of gold disk electrode with peptide, followed by incubation with aptamer. 

 
3.5.4 Cyclic Voltammetry 

To confirm the formation of a monolayer, and to assess the binding of an aptamer 

candidate, a CV experiment was done in three parts. First the CV for bare gold electrode 

was done, followed by a CV of the same gold electrode functionalized the desired peptide, 

then finally an incubation with an aptamer to see the binding of the aptamer to the 

peptide. The ideal voltammogram would show higher current, low resistance with the 

bare gold electrode, followed by a medium current as a result of the resistance introduced 

by the peptide, and finally a lower current as a result of the aptamer-target complex 

formation. It should be noted that surface functionalization can be confirmed by FT-IR 

prior to measurement by CV. 

In Trial 1, electrodes B and D were used for the 2hrs incubation time and compared to 

electrodes C and E which were incubated for 20 hours. This is because the surface areas 
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of B and C were 3.06mm2 and 3.16mm2 respectfully and electrode D and E had similar 

surface areas of 1.83mm2 and 1.89mm2 respectfully. 

  

    
Figure 23: CV voltammogram with potential range of -0.1V to 0.8V, where a) bare electrode, b) is bare 
electrode incubated with KD-PEP, and c) is electrode, KD-PEP+KD-1 aptamer. B. is electrode B, C. is 
electrode C, D. is electrode D, and E. is electrode E  

 
Comparing Electrode, B and C, which both had similar surface areas, B was incubated for 

2 hrs with KD-PEP and C was incubated for 20hrs with KD-PEP. Between both 

voltammograms, there is no discernible difference in peak height. Where electrodes D 
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and E, show variances at 20 hrs incubations. This variance was considered to be due to 

the smaller surface areas of the electrodes, and a possibility that the longer incubation 

time resulted in a more organized monolayer of the peptide. Further, electrode E seems 

to present that less peptide is bound to the surface, yet the 15-minute incubation with 

KD-1 showed increase affinity resulting in greater resistance observed similar to those 

observed with electrode B and C with substantially larger surface areas of 3.06mm2 and 

3.16mm2 respectfully. 

With the observed differences in peak heights of the voltammograms, in Figure 23, 

looking at the relation of aptamer binding to the peak height change was considered, with 

the expectation that a correlation between surface area could be observed. 

Table 11: Peak current change for electrodes E,C, D and E by percentage and by percentage change 
per mm2 

  Peak Current   
 Surface Area Bare Peptide Aptamer Peptide Aptamer 

 (mm2) (A)/10-5 (A)/10-5 (A)/10-5 (%) (%·mm-2) (%) (%·mm-2) 
Electrode B 3.06 6.29 3.60 1.83 -42.7   -14.0 -49.1   -16.0 
Electrode C 3.16 5.15 2.82 1.63 -45.3   -14.3 -42.2   -13.4 
Electrode D 1.83 5.54 3.46 2.73 -37.6   -20.5 -21.0   -11.5 
Electrode E 1.89 5.67 3.96 1.75 -30.1   -15.9 -55.9   -29.6 

 

 
With the exception a deviation observed in electrode D, when the electrodes were 

incubated with KD-PEP they saw a consistent change in peak current per mm2. When 

incubated with the aptamer, the consistency between electrodes waned. Further trials 

using the same concentration of peptide, incubating with the same concentration of 

aptamer was done to see if there were correlation with surface area. 

Correlating the reduction in the area under the curve (AUC) to the surface area of the 

electrode may allow for data to be compared between electrodes.92,93. Using the 
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trapezoid method allows the calculation of AUC by breaking up the curve into many sub 

intervals. Each sub interval has an area calculated as93; 

𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙& = K
𝑦4 + 𝑦,
2 N ∙ (𝑥, − 𝑥4)		 

 Equation 11 

For cyclic voltammetry, where values are below zero, the data must be adjusted to a new 

baseline. The baseline for y values was the minimum anodic peak current, and the 

minimum value for x was the lowest potential applied.  , as well, 𝑦4 and 𝑦, are determined 

based on the sweep direction. All intervals are summed and divided by the average 

segment width. 

The area between the cathodic curve and the anodic curve was calculated. First, the area 

under the cathodic curve was calculated and the area under the anodic curve was 

calculated and subtracted from the cathodic area to give an area inside the CV 

voltammogram. This is illustrated in Figure 24. This could give us an indication on whether 

the surface area of the electrode is a factor in being able to get consistent results between 

testing samples and provide confidence that the sensor assembly methods are robust. 
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Figure 24: Using AUC to calculate the area in the CV Voltammogram. A. AUC of cathodic peak, B. AUC of 
anodic peak, C. The subtraction of B from A leave area inside the curve. 
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Table 12: Calculated areas from AUC and the associated reduction in area when bound with peptide, and 
the reduction of the signal when bound with aptamer. 

  CV Voltammogram Area   
 Surface Area Bare Peptide Aptamer Peptide Aptamer 

 (mm2) /10-5 (A)/10-5 (A)/10-5 (%) (%·mm-2) (%) (%·mm-2) 
Electrode B 3.06 2,212.65  1,480.49  525.52  -33.1    -10.8 -64.5    -21.1 
Electrode C 3.16 1,882.63  1,193.65  422.43  -36.6    -11.6 -64.6    -20.4 
Electrode D 1.83 2,017.05  1,469.46  1,211.21  -27.1    -14.8 -17.6    -9.6 
Electrode E 1.89 2,090.61  1,630.16  438.36  -22    -11.7 -73.1    -38.7 

 

 
Similar to the peak reduction outlined in Table 11, electrode B and C with surfaces closer 

to the expect 3.14mm2, the reduction in area inside the curve was observed when KD-PEP 

was added was similar between both electrodes. It is also observed with 15 minute 

incubation with KD-1 aptamer both electrode B and C show similar area reductions with 

21.1%/mm2 and 20.4%/mm2 respectfully. This shows that the KD-1 has the same impact 

on the electrodes functionalized for 2hrs or 20hrs.  

With the peak height reduction and the area inside the curves confirming the surface area 

of the electrode was pertinent to more consistent results, further tests to determine 

aptamer binding affinity are needed. 

After determining that a 2-hour incubation was sufficient for the binding of the peptide, 

and the early correlation between surface areas of electrodes and consistency in signal 

change, challenges in binding the peptide arose. Through many rounds of optimizations, 

including exploration of new electrochemical cleaning methods, and the impact of binding 

buffer on the peptide over time the following was determined. 

The use of MES in the functionalization of gold-based electrodes with cysteine containing 

peptide is common in literature.94 Alternatives methods use TCEP and DTT to facilitate 



 (74) 

the binding of sulfur to gold by ensuring the sulfur group remains in its reduced form. 

Comparing the binding of peptide using MES and TCEP was explored. 

 
  

 
 

Figure 25: MES vs TCEP Incubation of Peptide for 2hrs, followed by 15min incubation in 5µM KD-1 
aptamer. a) bare electrode, b) bare electrode incubated with KD-PEP, and c) is electrode, KD-PEP+KD-1 
aptamer.  A. MES 0.1M B. TCEP 0.2M 

 
On visual inspection of the CV voltammograms in Figure 25, and the results summarized 

in Table 13, it is evident that the 2 hour incubation with freshly prepared KD-PEP with 

0.1M MES as the most efficient method that produced results that one would expect from 

the system. It was confirmed that the use of freshly prepared peptide was pertinent to 

the success of the electrochemical sensor because the peptide is likely still in its reduced 

form. FT-IR analysis on the electrode post functionalization did not show the presence of 

MES. 
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Table 13: Comparing the peak current and the area inside the curve for the determination of efficacy of 
the reducing agents MES and TCEP 

 PEAK  Area 
 Peak Current    CV Voltammogram Area   

 Bare Peptide Aptamer Peptide Aptamer  Bare Peptide Aptamer Peptide Aptamer 
    (%) (%/mm2) (%) (%/mm2)     (%) (%/mm2) (%) (%/mm2) 
MES 6.11 4.15 1.67 -32.1 -10.5 -59.8 -19.5  2,165.06 1,639.76 399.27 -24.3 -7.9 -75.7 -24.7 
TCEP 5.61 5.48 4.82 -2.2 -1.2 -12 -6.6  1,977.31 1,902.75 1,734.89 -3.8 -2.1 -8.8 -4.8 

 

 
A trial was done confirming if the electrode could be functionalized with FC-PEP. As shown 

in Figure 26  and summarized in Table 14, the functionalization with FC-PEP was successful 

following the same protocols as previously outlined. Though the aptamer candidate FC-

10 showed negligible impact on the peak current, suggesting that FC-10 does not have an 

affinity to FC-PEP in comparison to that seen in KD-1 and KD-PEP.  

 
 

 

Figure 26: Trial of FC-PEP binding to gold electrode, with FC-10 as aptamer being tested; a. bare 
electrode, b. functionalized with FC-PEP, and c. incubation with aptamer FC-10. C. is electrode C  and E. 
is electrode E 

 
Although FC-10 does not show binding with 15-minute incubation, it is possible that 

binding could be observed at greater time intervals. Time to form the aptamer-target 

complex could take longer, as FC-10 is more structured than KD-1. 
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Table 14: Trial of FC-PEP incubated on the surface of electrode C and E followed by an incubation wit 
aptamer FC-10. 

 PEAK  Area 
 Peak Current    CV Voltammogram Area   
 Bare Peptide Aptamer Peptide Aptamer  Bare Peptide Aptamer Peptide Aptamer 
    (%) (/mm2) (%) (/mm2)     (%) (/mm2) (%) (/mm2) 
Electrode C 3.85 2.88 2.78 -25.1 -8.0    -3.5 -1.1       1,495.04  1,255.88  1,221.89  -16.0 -5.1     -2.7 -0.9     
Electrode E 4.98 2.78 2.57 -44.3 -23.4    -7.5 -4.0       1,841.90  1,152.78  1,065.57  -37.4 -19.8     -7.6 -4.0     

 
An attempt to replicate the results from the first trial using electrode B and D, 

functionalized with KD-PEP, then incubated for 15 minutes with KD-1 aptamer. Figure 27 

show the CV voltammogram, and Table 15, shows the change in peak current, and change 

in area inside the curves by surface area. 

 
 

 

Figure 27: Trial of KD-PEP binding to gold electrode, to confirm previous results with KD- where; a. bare 
electrode, b. functionalized with KD-PEP, and c. incubation with aptamer KD-1. B. is electrode B and D is 
electrode D 

 
Table 15: Retest of KD-PEP incubated on the surface of electrode B and D followed by an incubation with 
aptamer KD-1 

 PEAK  Area 
 Peak Current    CV Voltammogram Area   
 Bare Peptide Aptamer Peptide Aptamer  Bare Peptide Aptamer Peptide Aptamer 
    (%) (/mm2) (%) (/mm2)     (%) (/mm2) (%) (/mm2) 
Electrode B 5.75 3.68 5.30 -36.1 -11.8    44.1 14.4       2,173.76  1,558.05  1,854.94  -28.3 -9.3     19.1 6.2     
Electrode D 5.34 4.42 3.19 -17.2 -9.4    -27.8 -15.2       1,940.68  1,729.51  1,323.48  -10.9 -5.9     -23.5 -12.8     
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Table 16 below is a combination of Trial 1, Table 12 combined with trial two shown in 

Table 15 and MES compared to TCEP from Table 13, When functionalized for 2 hours with 

KD-PEP, electrode B saw an area change of -10.8%/mm2 in trial 1 and -11.8%/mm2 in trial 

2, suggesting that functionalization of the electrode was successful. When incubated to 

KD-1 for 15 minutes, in trial 1, electrode B saw an area change of -21.2%/mm2 and in trial 

2 saw an area increase of 14.4 %/mm2. It would have been expected to see the aptamer 

increase the resistance and result in an overall area decrease. This is in contrast to the 

results observed for electrode D, where functionalization with KD-PEP resulted in an area 

change of -14.8%/mm2 in trial 1, and -5.9%/mm2 in trial 2. When incubated for with KD-1 

aptamer, electrode D saw a change in area of -9.6%/mm2 in trial 1, and -12.8%/mm2 in 

trial 2. For a signal to increase with the presence of aptamer could suggest the peptide 

desorbed from the surface of the electrode. This is unlikely as the potential needed to 

facilitate reductive desorption of sulfur from the gold surface is -0.6V.which is far below 

the potential range used.95  

Across all trials, the trend of peptide functionalization was seen, suggesting that peptide 

coverage was successful, and that aptamer was able to bind to the peptide. Between 

functionalization of the electrode and electrochemical analysis and again between 

incubation of aptamer and subsequent electrochemical analysis, the surface of the 

electrodes was wash with diH2O, suggesting that this binding was not non-specific 
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Table 16: Summary of CV Voltammogram areas trials using KD-PEP with KD-1 

  CV Voltammogram Area   
 Surface Area Bare Peptide Aptamer Peptide Aptamer 

 (mm2) /10-5 (A)/10-5 (A)/10-5 (%) (%·mm-2) (%) (%·mm-2) 
KD-PEP         
Trial 1 (2hrs)         

Electrode B 3.06 2,212.65 1,480.49 525.52 -33.1 -10.8 -64.5 -21.1 
Electrode D 1.83 2,017.05 1,469.46 1,211.21 -27.1 -14.8 -17.6 -9.6 

Trial 1 (20hrs)         
Electrode C 3.16 1,882.63 1,193.65 422.43 -36.6 -11.6 -64.6 -20.4 
Electrode E 1.89 2,090.61 1,630.16 438.36 -22 -11.7 -73.1 -38.7 

Trial 2 (2hrs)         
Electrode B  2,173.76 1,558.05 1,854.94 -28.3 -9.3 19.1 6.2 
Electrode D  1,940.68 1,729.51 1,323.48 -10.9 -5.9 -23.5 -12.8 

Trial (MES)         
Electrode B  2,165.06 1,639.76 399.27 -24.3 -7.9 -75.7 -24.7 

 
It should be noted that functionalization with KD-PEP across electrodes proved successful 

Using 0.1M MES, as well the method was successful with functionalization of FC-PEP. 

Challenges remain in finding the optimal concentration of aptamer, and time needed to 

elicit consistent results between trials. Although this was preliminary investigation into 

the characterization of KD-1 and FC-10. Further optimizations are needed to find a 

combination between aptamer incubation times and exploring effects of concentration 

to screen for aptamer candidates for KD-PEP and FC-PEP. 

3.6 FT-IR electrode apparatus and experimental results of sensor 

Following the confirmed functionalization of the electrode by electrochemistry, 

confirming the surface functionalization of electrodes for the purpose of electrochemical 

analysis could be done using attenuated total reflection (ATR) FT-IR. Using a Cary 630 FT-

IR (Agilent, USA) equipped with a diamond ATR attachment, getting precise and repetitive 

results across multiple electrodes required the design of an apparatus that could hold the 
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electrode vertically while letting the active portion of the electrode to come in contact 

with the diamond surface. 

As shown in Figure 28, the apparatus can hold a standard gold disk electrode with a 

diameter of 6.6mm, while offering at means for a weight to be added to the electrode 

which will allow consistent pressure to be applied across samples reducing potential 

variances in the penetration depth of the IR.96 The apparatus has been made publicly 

available on MakerBot Thingiverse. (https://www.thingiverse.com/thing:4342055) 

 
Figure 28: FT-IR Electrode Apparatus designed for Cary 630 FT-IR with diamond ATR. A: Side profile of 
the stand, B: Alternate perspective of the electrode stand, C: Weight cap for electrode for consistent 
contact with the surface of the ATR 

 
With the apparatus in place, the electrodes were inserted and analyzed for the surface 

modifications. Confirmation of a clean, bare electrode resulted in no signal from the FT-

IR as there are no covalent bonds present in a cleaned electrode. Using FT-IR ATR, as 

shown in Figure 29, the functionalization of KD-PEP to the gold surface after 24hrs shows 

a peak at 1636cm-1 representing amide carbonyl double bond stretch (C=O) and a broad 

peak between 3675cm-1 and 2900 cm-1 encompassing the alcohol (OH) stretch, and the 
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broad ammonia (NH3
+) stretch which are present in peptides.97 When incubated for 20 

minutes with aptamer KD-1, a phosphate ((RO3)-P=O) stretching peak at 1219cm-1 and 

another phosphate ((R03)-P-O) at 757cm-1 appear due to the ssDNA backbone, as well as 

a more broad peak at 1737cm-1 attributed to the carbonyl (C=O) double bonds present in 

all bases.97,98 The peaks are blue-shifted slightly from IR values in literature as there are 

corrections that account for the source angle of polarized light, and the average 

penetration depth of the sample.96 IR spectra for MES was compared for possible peak 

presence, based on literature no peak identified in the FT-IR corresponds to MES.99 

 
Figure 29: FT-IR spectra of 2mm gold disk electrode functionalized with KD-PEP for 24hrs, with 
comparative spectra of functionalized electrode incubated with aptamer candidate KD-1 for 20 minutes 

 
The challenge with verifying the binding of the aptamer by FT-IR is that there is that the 

IR spectra only shows the ssDNA is present. To help offset the difference between binding 

and non-binding aptamers, the electrodes are suspended in, and rinsed with diH2O. The 
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use of FT-IR is only used to show the assembly of the sensor, as quantification of the 

monolayer would not be determined by this method. Nevertheless, these IR data to 

suggest that KD-1 is a promising aptamer candidate for further study. 

3.7 Next Steps in KD Project 

To prepare a sensor that could be used in the detection of Kawasaki disease, and 

differentiate from patients who present with overlapping symptoms as a result of other 

febrile illnesses, additional work needs to be complete in order to make that a reality. 

The Kds for each of the identified aptamer candidates need to be determined against their 

respective peptide fragment, as well their negative selected peptides as illustrated in 

Figure 30. This will allow the aptamers with the highest Kd be identified as well as the 

aptamer with the lowest cross-reactivity to its counter target. It could allow for single, or 

multiplexed sensors in the future. 

 
Figure 30: Aptamer candidate Kd screenings to identify the most specific aptamers for KD-PEP and FC-PEP 

 
The Kd could be identified through ITC, as it will provide the most robust analysis of the 

aptamers down to the smallest limit of detections, which could be useful for KD patients 

who have been ill for a greater period of time before presenting to a health professional. 
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Once Kds are determined, quick lateral flow assays (LFA) could be developed tagging the 

aptamers to gold nanoparticles, where their aggregation could be observed as shown in . 

These tests strips are a low-cost solution that could prove valuable in the time sensitivity 

of KD detection. 

 
Figure 31: Example of a lateral flow assay test strip using aptamers for the detection of Kawasaki disease 

 
Alternative to LFA, electrochemistry could be used in reverse of the system explored in 

this thesis. It would be beneficial to use the full SAA7870 71 amino acid fragment as well as 

the 44/45 cleaved fragments of SAA as opposed to the smaller fragments explored in this 

thesis. The aptamers could be immobilized to the electrode surface, and they could 

capture circulating biomarker peptides from a blood sample.  Developing a standard 

operating procedure for the development of an electrochemical sensor could provide 

clinicians the necessary steps to successfully diagnose Kawasaki disease. 
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3.8 Conclusion 

Kawasaki disease has no laboratory test to aid clinicians providing definitive diagnosis 

outside of the symptom diagnosis criteria established. The challenge was to perform a 

SELEX on two separate fragments of SAA, one is unique to patients with KD (KD-PEP) and 

the other is present in patients with other febrile illnesses (FC-PEP). After performing two 

separate SELEX experiments, ssDNA was identified by sequencing and bioinformatics 

analysis. We were able to identify nine aptamer candidates for KD-PEP, and nice aptamer 

candidates for FC-PEP. The two cohorts of candidates share no more than 5 base pairs 

regions of complementarity providing an opportunity to develop a duplex sensor in the 

future, that can diagnose both Kawasaki disease and other febrile diseases. 

Electrochemistry and FT-IR experiments suggest that KD-1 has affinity for the KD-PEP, and 

FC-10 has little binding affinity to FC-PEP.  Attempts to characterize the remaining 

aptamer candidates using electrochemistry may requires further refinement. Through the 

recommended next steps, the 18 aptamer candidates could be fully characterized and 

then developed into a multitude of solutions to bring the detection of Kawasaki disease 

closer to reality. 
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