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ABSTRACT 
 

Detection of biomolecules that are over- or under-expressed in diseases is an 

important field for early diagnosis, monitoring treatment, and improving patient 

prognosis. The main goal of my thesis is to utilize DNA nanotechnology combined with 

nanomaterials to provide sensitive and specific detection of the desired target molecules 

that exist in low abundance. I have developed three analytical assays for the detection of 

DNA, microRNA, proteins, and for the characterization of functionalized nanomaterials. 

 I have developed a binding induced three-way junction (3WJ) with fluorescence 

resonance energy transfer (FRET) detection using a quantum dot (QD) as both a FRET 

donor and scaffolding for the DNA nanostructure. I designed probes to bind different 

portions of the nucleic acid sequence and optimized this assay for the detection of a 

DNA target. When both probes bind, a short complementary sequence allows the QD 

FRET donor and a dye acceptor to be in close proximity; detection occurs through the 

generation of a fluorescent signal. This developed assay was also applied to the 

detection of single base mismatches in the target DNA sequence with excellent 

discrimination between the mismatch and the wild-type sequence. With further 

optimization, this developed technique was also applied to the detection of a microRNA 

sequence with a specific and sensitive concentration-dependent response.  

 Building on the QD-FRET detection technique, I have designed a binding-

induced DNA assembly (BINDA) assay for the detection of a protein target. This 

technique utilized two aptamers, which bind to specific epitopes on target molecules. 

When combined with the formation of a BINDA nanostructure, the QD donor again 
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acted as both the FRET donor and scaffolding for other components of BINDA. This 

technique was able to detect trace levels of the desired protein target with minimal 

background signal. 

 I also have developed a toehold-mediated strand displacement assay for the 

characterization of surface coverage on DNA functionalized gold nanoparticles 

(AuNPs). Through these strand displacement reactions, multifunctionalized AuNPs can 

be characterized without needing different fluorescent labeling on each strand. This 

work was compared to conventional characterization methods with similar results. I also 

found that the use of a TAMRA fluorescent label reduced surface coverage of DNA 

onto AuNPs. 

 All of the developed assays are sensitive and specific for the desired targets, do 

not require any separation steps, have simple procedures, are rapid, and require only a 

fluorescence reader. These aspects are very important for developing point-of-care 

diagnostic assays to improve patient care, diagnosis, and prognosis.  
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Chapter 1: Introduction 

1.1 Biomolecule Detection 

Biomolecule is a broad term that is used to describe molecules that are present in 

biological systems. These molecules are important in the functioning of these systems, 

including coding for genetic information, gene expression and regulation, catalyzing 

metabolic reactions, structure of cells, and regulation of cell cycle. These molecules can 

be misregulated and are an indicator of many diseases, such as cancer. Therefore, 

detection and monitoring of these molecules are important for disease diagnosis, 

management, and prognosis. 

 Biological samples, such as blood, serum, and urine, are extremely complex, 

with many different types of biomolecules and other small molecules. Because of this, 

developed assays must be specific and sensitive to the desired target. This is a wide field 

of research with goals of developing clinically relevant results that are robust and 

reproducible.  

1.1.1 DNA 

Deoxyribonucleic acid (DNA) carries the genetic information for growth, development, 

and functioning in all biological systems. DNA is a polymer of repeating units called 

nucleotides. Each unit consists of a deoxyribose sugar and a phosphate group backbone, 

as well as one of four nucleobases. There are 4 different nucleobases in DNA: adenine 

(A), guanine (G), thymine (T), and cytosine (C).
1
 In single stranded DNA (ssDNA), the 

backbone of the nucleotides is covalently bonded via a phosphodiester bond between the 
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sugar of one nucleotide and the phosphate group of the adjacent one. Double stranded 

DNA (dsDNA) forms with strands in opposite directions as a result of hydrogen 

bonding between complementary nitrogenous bases: A with T and C with G. Sequences 

are described from 5′ phosphate to 3′ hydroxyl.  

 DNA sequences can be extremely long, with dynamic structure along its length. 

dsDNA hybridized through hydrogen bonds form a helical shape, with a radius of 10 Å 

and 3.4 nm per turn, with each nucleotide measuring approximately 3.4 Å.
1,2

 Thus, each 

turn of the helix contains approximately 10 nucleotide base pairs. The dsDNA helix also 

has grooves between the strands that are not symmetrical, resulting in a major and minor 

groove. These grooves provide binding sites for proteins, enzymes, and dyes.  

The dsDNA structure is maintained by the above-mentioned hydrogen bond 

interactions between complementary base pairs. These interactions can be disrupted and 

pulled apart like a zipper via enzymes or by melting the sequences by increasing the 

temperature, low salt content, and extreme pH.
3
 The different base pairs have different 

amounts of hydrogen bonds that can be formed: AT pairs have 2 and GC pairs have 3.
1
 

Thus, DNA with a higher GC content is more stable than that with a lower content.
4,5

 

Length also effects stability of dsDNA: longer sequences are more stable than shorter 

sequences.
6
 These parameters of DNA will be discussed further in section 1.2. 

1.1.2 microRNA 

Ribonucleic acid (RNA) is a nucleic acid that plays important roles in genetic coding, 

regulation, and expression of genes. RNA is similar in structure to DNA, with a chain of 

nucleotides bound by phosphodiester interactions. Unlike DNA, RNA exists as single 
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stranded, the ribose sugar contains a hydroxyl (-OH) group at the 2′ location, and it 

contains 4 nucleobases: adenine (A), cytosine (C), guanine (G), or uracil (U).
7–9

 RNA is 

synthesized via a process called transcription by RNA polymerase using a DNA 

template. Through this transcription process, single stranded RNA molecules can be 

translated further into proteins, become involved in the translation process itself, or be 

involved in silencing of gene expression.
10

 

 microRNA (miRNA) are short, noncoding RNA sequences involved in post 

transcriptional regulation of gene expression and RNA silencing.
11,12

 miRNA are 

encoded by DNA and can hybridize with complementary mRNA molecules, playing an 

important role in gene regulation and expression.
13,14

 Due to this, the mRNA are 

silenced via destabilization of mRNA, cleavage of mRNA, and/or reduced translation 

efficiency.
15,16

 Because miRNA are involved in the normal functioning of eukaryotic 

cells, their dysregulation can lead to many different diseases. miRNA-mRNA form 

duplexes in the process of mRNA silencing, but usually multiple miRNA sites are 

bound for effective repression.
17,18

 There is a database, miR2Diseases,
19

 which 

summarizes research findings of the relationships found between miRNA and the 

disease outcomes.   

  The first miRNA, miRNA lin-4 from Caenorhabditis elegans, was discovered in 

1993,
20

 but miRNA were not considered their own biomolecular class until 2001.
11,21

 

Since then, miRNA have become an increasingly attractive target for disease detection 

and treatment. Detecting over or under expression of a miRNA sequence could indicate 

the presence of a disease.
22–25

 Also, using targeted treatment for the blocking of the 

miRNA could aid in disease prognosis. 
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1.1.3 Proteins 

Proteins carry out many biological functions within organisms, including catalyzing 

reactions, DNA and RNA replication, regulation of biochemical activities, storage and 

transportation of small molecules, and providing mechanical and structural support. 

Proteins consist of a linear chain of amino acids formed from the translation of mRNA 

to a polypeptide sequence. These polypeptides undergo post-translation modifications to 

alter their physical and chemical properties, ensuring they are able to fold into their final 

active and functional protein.
26–28

 Because proteins have a wide range of functions 

within an organism, altering their expression and distribution can lead to many diseases; 

this results in many proteins being biomarkers. 

1.1.4 Detection of Nucleic Acids and Proteins 

Detection of biomarkers is important for disease detection, diagnosis, and prognosis. 

These molecules are important for the normal functioning of cells and organisms, but 

even slight changes in their expression and distribution can lead to problems. Thus, 

early and accurate detection of fluctuations in their levels can lead to a better prognosis 

for patients. 

 Even though there are many clinical assays for overexpression of DNA, RNA, 

and proteins, there is always a need for more sensitive and accurate assays for these 

biomolecules. There have been many advances in the development of analytical 

techniques for detection of these molecules, such as amplification and non-amplification 

techniques, those that require enzymes and those that don’t, as well as assays that 

require antibody molecules for target recognition. Many of these techniques have been 

reviewed extensively,
29–31

 and selected techniques are summarized below.  
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1.1.4.1 Non-Amplification Techniques 

Detection of biomolecules requires high specificity and sensitivity. Complex matrices 

make this a difficult task, but many techniques have been developed and implemented in 

clinical labs. The most common assay used clinically is enzyme-linked immunosorbent 

assay (ELISA), which uses antibodies to detect the presence of an antigen in a liquid 

sample.
32,33

 There are three types of ELISA assays: direct, sandwich, and competitive. In 

direct ELISA, a test solution is added to a plate and an enzyme-labeled primary antibody 

is added, which binds specifically to the target. After a washing step, detection occurs 

with the addition of the enzyme substrate, and a colour change or fluorescence 

occurs.
32,34

 In sandwich ELISA, a surface is coated with an antibody, and the sample 

solution is applied to the surface. The antibody captures antigens present, and a washing 

step removes unbound antigens. Next, a specific primary antibody is introduced and 

binds to the antigen, forming a “sandwich”, and any unbound antigens and unbound 

antibodies are washed away. Then, an enzyme-labeled secondary antibody directed 

against the primary antibody is added, unbound antibodies are washed away, and the 

enzyme substrate is added. Detection then occurs with a solution colour change or with 

fluorescence detection.
35

 Lastly, in competitive ELISA, unlabeled primary antibodies 

and sample are incubated and then added to an antigen-coated well. Next, a washing 

step removes unbound antibodies that have already bound antigens from the sample. 

Then, a labeled secondary antibody against the primary antibody is added, and after a 

washing step, the enzyme substrate is added and fluorescence or colour change occurs.
35

 

Thus, if an antigen is present in the sample the detection signal is lower. ELISA is a 

powerful technique due to the specificity of the antibody-antigen interactions. However, 
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the process is laborious and involves many washing steps. Another technique that can be 

used is mass spectrometry, which is able to detect biomolecules accurately based on 

their mass-to-charge ratio.
36,37

 This technique, however, requires specific sample 

preparation, typically requiring a separation step and expensive instrumentation.  

 Molecular beacons (MBs) are simple oligonucleotide probes that are able to 

detect the presence of specific nucleic acid sequences in a homogeneous solution. MBs 

have a stem-loop structure functionalized with a fluorophore on one end and a quencher 

on the other.
38–40

 In the closed stem-loop structure, florescence is quenched due to the 

efficient energy transfer from the fluorophore to the quencher that are in close 

proximity. In the presence of a target, which is complementary to the loop, hybridization 

occurs, disrupting the stem-loop structure. The quencher and fluorophore are no longer 

in close proximity; this allows fluorescence to be restored, and detection can occur. 

Molecular aptamer beacons (MABs) utilize the specific binding capabilities of aptamers 

(further discussed in section 1.3) with the signal detection of molecular beacons for 

specific biomolecules.
41

 When an MAB binds to a target, it undergoes a conformational 

change, increasing the distance between the fluorophore and the quencher, allowing for 

fluorescence detection.
42–44

 Figure 1.1 shows specific design examples for these MABs. 

Figure 1.1 (A) shows the binding of a target to two oligonucleotides from a split 

aptamer, allowing the hairpin to open and fluorescence to occur.
45

 Figure 1.1 (B) shows 

the aptamer bound into a hairpin, which is allowed to open in the presence of a 

target.
46,47

 Finally, Figure 1.1 (C) shows fluorescence quenching in the presence of a 

target molecule.
48
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Figure 1.1 Examples of molecular aptamer beacons (MABs). (A) Binding of a target to 

two oligonucleotides from a split aptamer, allowing the hairpin to open and fluorescence 

to occur.
45

 (B) Aptamer bound into a hairpin, which is allowed to open in the presence 

of a target.
46,47

 (C) Fluorescence quenching in the presence of a target molecule.
48

 

Reprinted and modified with permission.
29

 Copyright 2013 American Chemical Society. 
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1.1.4.2 Homogeneous Amplification Techniques 

To detect many biomolecules, the signal must be amplified as the targets are generally 

in very low concentration. There are many techniques to achieve this, but the most 

clinically relevant and highly used technique is polymerase chain reaction (PCR). PCR 

is a temperature cycled DNA amplification technique that uses a DNA template, DNA 

polymerase, free nucleotides, and two DNA primers. Typically, PCR goes through 

20−40 cycles through initialization, denaturation, annealing, and elongation steps, 

resulting in 2
n
 copies of DNA formed, where n is the number of cycles.

49
  

Like PCR, rolling circle amplification (RCA) uses polymerase to add nucleotides 

continually to an annealed primer, but RCA is an isothermal DNA amplification 

technique for circular DNA. The result of this amplification is a long, ssDNA strand of 

multiple tandem repeats.
50

 This can be detected using molecular beacons
51,52

 and 

intercalating dyes.
50,53

  

Hybridization chain reaction (HCR) is an isothermal, room temperature DNA 

amplification technique, in which monomers assemble in the presence of a target DNA 

strand. In a simple example, two DNA hairpins in solution interact in the presence of an 

initiator target, triggering a cascade of hybridization events, which results in alternating 

copolymers of nicked double helices that can be detected by gel electrophoresis or 

fluorescence.
54

  

Proximity ligation assay (PLA) is a protein detection technique that uses antibody 

antigen interactions to allow for high specificity and sensitivity. Two primary antibodies 

interact with the protein of interest. Then, secondary antibodies with DNA sequences 
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functionalized to them are directed against the primary antibodies. When the DNA 

sequences are brought into close proximity due to interaction with the target complex, 

the DNA strands participate in RCA or other amplification detection techniques.
55

 This 

technique converts macromolecule detection to an easily amplifiable DNA motif.
56

 

 

1.2 Principles of Binding Induced DNA Assembly 

DNA self-assembly is a common strategy for generating nanostructures where 

components for structures assemble due to non-covalent interactions. Advantage can be 

taken of the specificity of DNA base pairing to construct complex nanostructures. 

Binding Induced DNA Assembly (BINDA) utilizes the binding of two affinity ligands 

to a single target molecule.
30,57–60

 The guiding principle of BINDA is that nonspecific 

interaction of DNA sequences can be eliminated. This can be achieved by knowing that 

the DNA self-assembly is dependent on the stability of the complementary sequences, 

which are influenced by the complementary DNA concentration, length of 

complementary region, GC content, and use of blocking DNA. Figure 1.2 shows 

BINDA probes with blocking strands binding to the same target molecule, allowing 

complementary sequences to be in close proximity and hybridization can occur. 
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Figure 1.2 Binding Induced DNA Assembly (BINDA) with blocking DNA strands. 

Reprinted with permission.
57

 Copyright 2012 American Chemical Society. 

 

In BINDA, affinity ligands are functionalized with short, complementary DNA 

sequences so that the binding of the two ligands to the target molecule brings the 

sequences into close proximity, and hybridization is favorable. The affinity ligands used 

for BINDA can be antibodies or aptamers, but they must be able to bind to the same 

target molecule. In terms of experimental design, the length of complementarity and GC 

content is easy to achieve as the sequences are custom designed and synthesized. For 

BINDA, the concentration of complementary DNA is drastically increased in a local 

environment when the two affinity ligands are able to bind to a single target molecule. 
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This binding increases the melting temperature of the complementary DNA sequences, 

which mimics the formation of a DNA hairpin. Essentially, the interaction converts from 

an intermolecular interaction to mimicking an intramolecular interaction. The melting 

temperature of the two sequences unbound and bound to the target molecule can be 

estimated using the Integrated DNA Technology’s OligoAnalyzer program. For 

example, a 6 nucleotide long sequence (50% GC content, 10 mM Na
+
 and 1 mM Mg

2+
) 

does not form a stable duplex in solution (Tm= 0°C), but by mimicking a hairpin the 

melting temperature is increased to around 44°C, shown in Figure 1.3.  
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Figure 1.3 Use of IDT OligoAnalyzer software to mimic the hairpin formed when 

BINDA probes are in close proximity.  
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 BINDA has many advantages for biological assays. First, BINDA is highly 

specific as it requires the binding of two different affinity ligands to a single target 

molecule; the probability of this occurring to allow hybridization of complementary 

sequences is very low. Secondly, this assay is able to occur in a single tube due to its 

high specificity. The homogeneous assay is able to detect its target without the need for 

a separation step, like many biological assays, meaning that the assay is technically 

simple to perform. Thirdly, detection of proteins is easily converted into an amplifiable 

and detectable DNA assembly. Lastly, a BINDA assay can be amendable to many 

targets by simply changing the affinity ligand to be specific for the desired target.  

1.2.2 BINDA Detection Methods 

BINDA inherently has high specificity and sensitivity, but molecules of interest are still 

in low abundance, so signal amplification is necessary. Commonly, real-time PCR is 

used for BINDA detection.
57,59

 This process is similar to PCR, described in section 

1.1.4.2, where there are denaturation, annealing, and elongation steps. But, in real-time 

PCR, reporter probes are added that are specific for the sequence to be amplified.
61–64

 

These probes are labeled with a fluorophore on one end and a quencher on the other. 

During the annealing stage both primers and reporter probes hybridize with the DNA 

sequence, and the 5′ to 3′ exonuclease activity of the polymerase digests the reporter 

probe, releasing the fluorophore from the quencher, and fluorescence can be detected. 

As PCR involves thermocycles, this process is repeated at each cycle, and fluorescence 

increases as the DNA sequence is amplified. The reporter probes used in real-time PCR 

allow the detection to be specific for the desired amplified DNA sequence. However, 

DNA intercalating dyes also can be used as a less expensive option for the quantification 
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of PCR products during thermocycling. Specifically, SYBR Green intercalating dye 

binds preferentially to double stranded DNA and has been used for early BINDA 

detection work.
57,59,65

  

 Using real-time PCR for BINDA detection improves detection limits, but it 

requires the use of a thermocycler. For detection without an amplification step, simple 

fluorescence detection can be used for detection of targets.
58

 For fluorescence detection, 

a fluorescence microplate reader is the most common instrumentation. Microplate 

readers are an important instrument for time saving, lower cost, and simple procedures 

compared to other analytical techniques. In a plate reader for fluorescence detection, a 

light source passes light through the excitation filter, which allows light of a specific 

wavelength to pass through. This excitation incident light is directed towards the assay 

well of the microplate, which then emits light. Next, the emitted light is directed towards 

an emission filter, allowing light of only a specific wavelength to pass towards a 

photomultiplier, which increases the signal before going to the computer software. 

Many microplate readers are “multi-mode”, meaning that they have the ability to detect 

not only fluorescence but also absorbance. 

 

1.3 Aptamers 

Aptamers are short DNA or RNA molecules that are selected to bind to a target 

molecule with high specificity and affinity.
66–68

 Aptamers are selected for in vitro and 

are useful in many biotechnological applications and increasingly in therapeutic and 
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clinical settings.
69,70

 Similar to antibodies, aptamers bind to specific epitopes on the 

target molecule with dissociation constants in the pico- to nano-molar range.
71

 

 Aptamers have many advantages compared to antibodies for biological research. 

Firstly, aptamers can be generated for any protein or small molecule target through the 

selection process described in Section 1.3.1.
72

 This process is performed in vitro and 

does not require cell lines for producing more aptamers. Secondly, this selection process 

can be optimized under many different conditions, including higher temperatures, 

varying salt concentrations, and different buffers.
73

 These conditions can be 

manipulated, resulting in aptamers with properties optimal for the designed analysis. 

Antibody selection only occurs under biological conditions, meaning that 

antibody−ligand binding is optimal under these same conditions. Thirdly, aptamers can 

be synthesized easily once the sequence is known, including reporter or attachment 

molecules at precise locations.
73

 This synthesis process is rapid and costs much less than 

monoclonal antibodies, if they are even available for the target of interest. Lastly, 

aptamers are much more stable than antibodies. Performing an assay with aptamers can 

be optimized under many conditions, but with antibodies, conditions are much more 

limited. Also, oligonucleotide aptamers have a much longer shelf life than antibodies.
73

 

Antibodies do have the potential to be more specific for a target than aptamers as 

antibodies are made of amino acids, of which there are 20 naturally occurring, while 

aptamers are made of 5 nucleotides. 

1.3.1 Selection of Aptamers 

Aptamers are selected through a process called Systematic Evolution of Ligands by 

Exponential Enrichment (SELEX).
72

 The SELEX method has four steps: library 
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generation, partition, elution, and amplification. This process starts with a large library 

of random single stranded sequences of fixed length with consistent 5′ and 3′ primer 

binding ends. The library is exposed to the target molecule and the unbound sequences 

are removed. Next, the bound sequences are eluted and amplified via PCR for 

subsequent selection rounds. This process continues with increasingly stringent binding 

conditions, and then the tightest binding sequences can be obtained. Because these 

libraries have common primer regions, these portions of the sequence can be removed 

for further analysis of specificity. 

 

1.4 Fluorescence Resonance Energy Transfer 

Fluorescence resonance energy transfer (FRET) is a mechanism that describes energy 

transfer between an excited donor molecule and an acceptor molecule without photon 

emission through non-radiative dipole-dipole coupling. When incident light excites the 

donor molecule, energy is emitted by the donor and is absorbed instantly by the acceptor 

molecule.
74,75

  

1.4.1 FRET Theoretical Parameters 

The FRET process can occur only if the donor and acceptor are in close proximity. This 

energy transfer process is explained by the Jablonski diagram (Figure 1.4), which shows 

the electronic states of a molecule and the transitions between the donor and acceptor 

molecule.
75,76

 When incident light excites the donor molecule, its electrons jump from 

the ground state (S0) to an excited state (S1, S2, S3, etc.). Under typical fluorescence 

conditions, relaxation of these excited electrons to the lowest excited state (S1) and the 
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further relaxation to the ground state (S0) results in the emission of a photon as 

fluorescence. In the proximity of an acceptor molecule, the donor energy is transferred 

to the acceptor, which excites its electrons from S0 to an excited state (S1, S2, S3, etc.). 

These excited electrons eventually relax to the ground state (S0), resulting in the 

emission of a photon of light. This process is summarized in Figure 1.4. The wavelength 

of light emitted is longer and has less energy than the original exciting wavelength. 

 

Figure 1.4 Jablonski diagram showing the excitation of the FRET donor with donor 

emission energy transfer to excite acceptor, with detectable emission. 

 

 The FRET efficiency (E) is defined as the quantum yield of the energy transfer, 

or the amount of energy transferred to the acceptor for every donor excitation event. 

This efficiency depends on physical parameters, specifically the distance between the 
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donor and acceptor (usually 1−10 nm) and the spectral overlap of the donor emission 

with the acceptor absorption.  

 

The rate of energy transfer, kT(r), is given by: 

𝑘𝑇(𝑟) =  
1

τ𝐷
 (

𝑅0

𝑟
)6        (Eq. 1-1) 

where r is the distance between the donor (D) and the acceptor (A), R0 is the Förster 

distance, and τD is the emission lifetime of the donor without an energy transfer process. 

When the Förster distance (R0) is equal to the D to A distance (r), the rate of transfer is 

equal to the rate of decay of the donor (1/τD).
75

  

The Förster distance (R0) is the distance at which energy transfer is 50% efficient and is 

given by:
74

   

𝑅0
6 =  

9000 ln 10

128 π5𝑁𝐴
 
κ2𝑄𝐷

𝑛4
𝐽     (Eq. 1-2) 

where QD is the quantum yield of the donor in the absence of acceptor, n is the refractive 

index (1.4 for biomolecules in aqueous solution), NA is Avagadro’s number, J is the 

degree of overlap between the donor emission spectrum and the acceptor absorption 

spectrum, and κ
2
 is a term that describes the relative orientation between the donor and 

acceptor and is assumed to be equal to 2/3 due to fast isotropic motion of donor and 

acceptor entities. 
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The overall efficiency of the energy transfer in a single donor-acceptor pair as a function 

of the distance, r, is: 

𝐸 =  
𝑅0

6

(𝑅0
6+ 𝑟6)

      (Eq. 1-3) 

Therefore, the amount of energy transferred is dependent on the distance (r) between the 

donor and acceptor.
75

 

1.4.2 Choice of Donor-Acceptor Pairs 

The choice of donor-acceptor pairs in FRET is extremely important. The most important 

aspect of this pair is that the emission spectrum of the donor molecule overlaps with the 

excitation spectrum of the acceptor molecule, the overlap integral J in Equation 1-2.
75

 

This will ensure that energy is transferred efficiently from the donor fluorophore to the 

acceptor fluorophore with minimal photon emission of the donor. This will minimize 

background fluorescence, making the limit of detection (LOD) lower. Another 

important aspect of choosing a donor-acceptor pair is ensuring that the apex of the 

absorption and emission spectra of both the donor and acceptor are wide enough for 

appropriate filters to be used in the fluorescence instrument.
75

 This difference is called 

the Stokes Shift.  Similarly, it is optimal for the emission of the donor molecule to have 

a much lower wavelength than the emission of the acceptor molecule. This will ensure 

that the fluorescence emission detected at the longer wavelength is due exclusively to 

the emission of the acceptor molecule and not from the donor. The larger the difference 

in wavelength, the more likely the emission is due to the acceptor molecule. It is also 

important that the donor-acceptor pair chosen is suitable for the environment that the 

analysis will be done in. For example, if the analysis will be done with a biological 
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sample or for the end goal of a biological sample, it is important to choose a pair that is 

compatible with a physiological environment. Figure 1.5 shows the absorbance and 

emission spectra of a quantum dot donor and a dye acceptor. In this example, the donor 

emission spectrum (purple trace) overlaps the excitation spectrum of the acceptor (green 

trace), allowing for a large wavelength difference between the quantum dot donor 

excitation (blue trace) the emission of the acceptor (red trace). The use of quantum dots 

as FRET donors in bioprobes has been extensively reviewed for the detection of many 

biological molecules.
77,78

 

 

 

 

 

 

 

 

Figure 1.5 Absorption and emission spectra of a quantum dot donor with Cy5 dye 

acceptor for FRET. Reprinted with permission.
79

 Copyright 2005 Nature. 
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1.4.3 Coupling with BINDA 

Coupling of FRET detection with BINDA is a logical progression: FRET cannot occur 

unless the donor and acceptor are in close proximity. The intrinsic property of proximity 

hybridization in BINDA establishes the close distance required for FRET to occur. 

Without both probes binding to the same target, the distance between the FRET donor 

and acceptor is too great, and FRET cannot occur. This pairing also helps in maintaining 

a low background signal. The complementary region between the FRET donor and 

acceptor is too short to be stable in bulk solution, therefore, the hybridization won’t 

allow the close interaction to occur. Also, because two binding events need to occur on 

the same target molecule, the likelihood of target non-specific interaction is very low, 

thus, the background is also low. 

 

1.5 Nanomaterials 

Nanomaterials are materials in which a single unit is between 1 and 1000 nm in at least 

one dimension. However, typically, nanomaterials are usually described as materials on 

the nanoscale, between 1 and 100 nm.
80,81

 Nanoparticles, in particular, have great 

scientific interest as they are a bridge between atomic or molecular structures and bulk 

materials. Nanoparticles have many unique properties due to the high surface area to 

volume ratio as the particles get smaller.
82

 Importantly, nanoparticles can be 

functionalized with organic molecules or polymers to change their physical and 

chemical properties, such as stability, solubility, and their ability to target.
83

 This is 

especially important in biological applications when using nanomaterials for disease 

diagnosis, cell imaging, and targeted drug delivery. 
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1.5.1 Quantum Dots 

Quantum dots (QDs) are inorganic, semiconductor nanocrystals with sizes ranging from 

1 to 20 nm.
84

 QDs have many unique photophysical properties: broad 

absorption/excitation spectrum ranging from visible to UV spectrum, narrow emission 

spectrum (typically ranging 25-35 nm, full width at half maximum) that is size 

controlled, high fluorescent quantum yield, and strong stability against photo-

bleaching.
85

 Both the absorption and emission spectra are scalable with the size of the 

QD; this means that changing the diameter of the particle will shift the spectra.
85,86

 This 

makes QDs ideal candidates for FRET donors due to their tunable sizing and the 

selection of a donor-acceptor pair. For example, changing the diameter of a CdSe QD 

from 20 to 2 nm shifts the emission spectrum from red (700−800 nm) to green (550 

nm); therefore, smaller QDs emit shorter wavelengths of light (higher E). Also, there are 

approaches for stable synthesis, resulting in production of uniform QDs with narrow 

size distribution,
87

 as well as methods for modifying these QDs to include surface 

functional ligands, allowing them to be used in a variety of biosensors for imaging, 

labeling, and sensing.
88

 

 The increased use of QDs in fluorescence-based analysis has increased the 

popularity of CdSe QDs as the QD of choice. These QDs are the typical core-shell QDs, 

with the core consisting of CdSe and the shell of ZnS. In this configuration, the ZnS 

shell protects the CdSe core from oxidation and from leaching into the buffer solution. 

This results in higher stability and an improved quantum yield of the CdSe core.
89

 The 

ZnS shell thickness also can be varied for different purposes: thinner shells (4−6 

monolayers) provide increased protection of the CdSe core from extreme buffer 
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conditions. These CdSe QDs have many advantages, including a single-step synthesis, 

high water solubility, high fluorescence quantum yield, narrow size distribution, and 

commercially available with surface modifications.  

1.5.2 Gold Nanoparticles 

Colloidal gold is a solution of gold nanoparticles (AuNPs) in solution and can exist in 

many different morphologies, including rods and spheres. These different shapes and 

sizes exhibit different optical, electronic, and molecular recognition properties.
90–92

 

Colloidal gold solutions have been used for centuries to stain glass and other artistic 

works because of the nanoparticle’s interactions with light. AuNP solutions range from 

reds to blues, depending on size, shape, and aggregation state due to localized surface 

plasmon resonance (LSPR),
93,94

 where surface electrons oscillate with incident light. In 

general, smaller particles appear red in solution, and increasing size shifts the colour to 

blue.
93

 There is a similar observation with aggregation: as AuNPs aggregate, a 

colourmetric change of solution occurs from red to blue.
95

 This colourmetric change has 

been employed for biological assays by functionalizing the AuNP surface with DNA.
96

 

In the presence of a target, the AuNPs aggregate, and a colourmetric change occurs.  

 AuNPs functionalized with DNA are increasingly promising candidates for 

precise, multifunctional materials that integrate nano-assemblies,
97

 drug delivery,
98,99

 

and imaging moieties for sensing.
58,100–104

 This is an important aspect of DNA 

nanomaterials and the development of bioassays. Recent efforts have emphasized the 

development of preparation methods that are able to control functional groups precisely, 

allowing for well-defined materials in many applications, including diagnostic, imaging, 

and drug delivery.
105,106

 In aims to be clinically relevant, assays and therapeutic agents 
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utilizing DNA functionalized AuNPs must be fully characterized and have the ability to 

be quantitative, not just qualitative. Thus, in characterizing the surface coverage of DNA 

functionalized onto an AuNP surface, it is important to understand the DNA and 

nanoparticle interactions and to optimize the sensitivity, stability, and efficiency of 

nanoparticle-based sensors and therapeutic carriers. 

 

1.6 DNA Technology 

Watson−Crick base pairing is understood and extremely predictable,
1
 making its 

specificity a powerful and versatile tool for constructing diverse structures and devices 

on the nanoscale. Specifically, DNA nanotechnology utilizes complementary DNA 

strands to hybridize and manipulate their shapes in static structural or dynamic ways.
107

 

Structural DNA nanotechnology can construct two- and three-dimensional objects of 

varying complexities in a bottom-up DNA self-assembly to form well-defined 

structures. Dynamic DNA nanotechnology utilizes DNA thermodynamics to reconfigure 

nanostructures mechanistically. Both static and dynamic DNA nanotechnology play an 

important role for development of relevant analytical assays, especially for the detection 

of disease biomarkers. 

1.6.1 Static DNA Nanotechnology 

Static DNA nanotechnology involves the formation of DNA complexes, such as two- 

and three-dimensional DNA helices. These formed materials generally are used in 

structural DNA nanotechnology and, based on well-established Watson−Crick base 

pairing, can form predictable and well-defined geometries. These robustly formed 
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double helices can be characterized easily many ways, most simply using DNA 

intercalating dyes specific for double stranded DNA, such as ethidium bromide.
108

 

 An example of a static DNA structure is the formation of a DNA three way 

junction (3WJ). A DNA 3WJ is a Y-shaped structure formed by three strands that 

hybridize with each other.
109

 This technique can be target responsive by detecting a 

target ssDNA where two probes are designed to be partially complementary to the target 

and partially complementary to each other. The most important aspect of this design is 

that the length of complementarity between the two probes is short so that stable 

hybridization does not occur without the presence of the target ssDNA. This idea of 

target-responsive DNA 3WJ can be applied to not only ssDNA targets but also 

proteins.
110

 Furthermore, these static DNA 3WJ can be used in dynamic DNA 

nanotechnology, as well as being coupled with BINDA for protein detection (Figure 

1.6).
110
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Figure 1.6 Example of BINDA coupled with a DNA 3WJ. The formation of the 3WJ 

isn’t favorable until the BINDA probes bind the target, which then allows for 

fluorescence detection. Reprinted and modified with permission.
110

 Copyright 2013 

American Chemical Society. 

 

1.6.2 Dynamic Strand Displacement Reactions 

Initially, DNA structures focused on self-assembly as static structures, but recently, 

focus on dynamic structures has been emphasized. DNA nanotechnology utilizes non-

covalent interactions in an aim to design higher ordered assemblies that have new 

functions. This is the premise of strand displacement, in which none of the covalent 

bonds of the nucleic acid backbone are modified but the non-covalent interactions 

between strands are. These DNA strand displacement reactions play a central role in 

dynamic DNA nanotechnology.
111
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Dynamic DNA nanotechnology often uses toehold-mediated strand displacement 

reactions for detection or formation of further DNA structures. DNA strand 

displacement is a process where two strands with partial or full complementarity 

hybridize in aims to displace another pre-hybridized strand in order to reconfigure these 

nanostructures. DNA strand displacement reactions are initiated through a short sticky 

end of DNA, called a toehold. This sticky toehold is typically 5−8 nucleotides (nt) in 

length and is complementary to a toehold of a second DNA structure. This second 

structure has a strand that is completely complementary to the toehold strand, meaning 

that upon its hybridization, it is more stable than the initial sequence bound to it. In 

practice, the toehold of the initial strand hybridizes to the toehold of the second DNA 

structure, and branch migration occurs, “kicking off” a ssDNA sequence that was 

initially bound to the first toehold. This free ssDNA then can be quantified or further 

used for subsequent DNA interactions. This process is summarized in Figure 1.7 (A). In 

this reaction, an increase in the reaction rates can be achieved by increasing the length of 

the toehold region. This causes the product to be more favored thermodynamically. 

Similar to strand displacement reactions, toehold exchange involves the 

interaction of an initial toehold from a dsDNA with the toehold of another sequence, 

creating a dsDNA sequence more stable than the initial dsDNA sequence and a ssDNA 

sequence, which can further proceed to interact in other displacement reactions.
112

 This 

process initially yields two reactive products from two reactive reactants rather than one 

product in toehold-mediated strand displacement. In these toehold exchange reactions, 

the invading and the resulting toeholds result in stronger interactions, increasing the rate 

of the reaction.
112

 This is summarized in Figure 1.7 (B).  
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Figure 1.7 Examples of dynamic strand displacement reactions. (A) Strand 

displacement reaction using a toehold. (B) Toehold exchange reaction where the 

invading strand has a longer complementary region than the original DNA structure, 

resulting in a more stable interaction and the release of a DNA strand. 

 

1.7 Thesis Objectives 

The combined use of nanomaterials and DNA nanotechnology provides a powerful tool 

capable of detecting biomoleucles in a variety of environments with high specificity and 

sensitivity. The initial aim of this thesis was to utilize the properties of nucleic acid 

functionalized nanoparticles to develop homogeneous assays for the detection of 
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biomolecules. My initial work was to characterize the surface coverage of AuNPs that 

are used in therapeutic settings for imaging and drug delivery. After completion of this 

work, I realized that the quenching abilities of AuNPs were more suited for a “turn-off” 

assay. I, therefore, focused on the use of QDs as scaffolding and signal transduction 

during FRET detection of nucleic acids and proteins. By developing a nucleic acid 

triggered 3WJ assay with QDs as a FRET donor for detection, a sensitive and specific 

assay can be developed with homogenous detection without the need of an amplification 

step. This technique is unique in the use of QDs as a scaffold and signal transducer for 

both the detection of DNA and microRNA. This technique was extended to the detection 

of a protein target by combining the same FRET detection and DNA assembly with 

BINDA by using two different aptamers.  

 This thesis consists of six chapters. Chapter 1 gives a general overview of the 

importance of biomolecules and their detection. The chapter focuses on detection 

techniques and relevant theoretical discussions behind their principles. Also discussed is 

the importance of nanomaterials and DNA technology in the detection of these 

biomolecules. Chapter 2 describes a binding-induced 3WJ technique for a specific 

DNA sequence using a FRET detection scheme. This Chapter will outline important 

optimization steps that lead to the development of a linear calibration curve over three 

orders of magnitude with pM detection limits. Also investigated is detection of the DNA 

target but with single base mismatches. This research utilizes a QD FRET donor in the 

presence of a FRET dye acceptor, which has not yet reportedly been used in a binding 

induced detection scheme. Chapter 3 builds on the work done in Chapter 2 and 

demonstrates the detection of a microRNA target using the same 3WJ probes with 
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FRET detection. microRNA has unique challenges, such as low stability and lower 

binding affinity with DNA probes. Despite this, a linear calibration curve was 

constructed over three orders of magnitude with pM detection limits. Chapter 4 

describes the development of a binding-induced assay using two aptamers for the 

detection of human α-thrombin with FRET detection. This chapter outlines the 

optimization steps needed to develop a linear calibration curve over three orders of 

magnitude with pM detection levels. Chapter 5 describes the characterization of surface 

coverage of gold nanoparticles using DNA strand displacement reactions. This 

technique was able to quantify singly functional nanoparticles with comparable results 

to conventional methods and was able to characterize multiplexed nanoparticles, which 

cannot be done using conventional methods. Chapter 6 summarizes the conclusions 

from all research chapters and discusses the implications from these findings, as well as 

future directions for the research.  
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Chapter 2: Development of a Binding-Induced Three-Way 

Junction Fluorescence Energy Transfer Method for the 

Detection of a DNA Target 

2.1 Introduction 

DNA carries the genetic code for growth, development, and functioning in all biological 

systems. The specific sequences in the DNA structure are unique to every living 

organism and can be targets for the identification and diagnosis of many diseases. With 

advancements in sequencing capabilities, the DNA sequences of the whole human 

genome,
113,114

 as well as many organisms, is now available and can allow for early and 

accurate detection of DNA as a biomarker.
115

 Single nucleotide polymorphisms (SNPs) 

are a single point mutation that occurs at a specific position in the genome with a small, 

but regular frequency within the population(>1%). If this variation falls within the 

coding region of a gene, it can lead to nonfunctional proteins and potentially many types 

of diseases.
116

 Knowing the location of common mutations is important from an assay 

development standpoint as probes can be designed to test for these mismatches at a 

genetic level rapidly and specifically. 

DNA-3D structures are used as tools for the detection of many specific DNA 

sequences. Particularly, DNA 3WJs utilize well-established Watson−Crick base pairing 

to construct DNA assemblies.
117–123

 Specifically, target responsive 3WJs have been used 

for molecular detection, sensing, and imaging.
124–128

 These techniques use dye detection, 

atomic force microscopy imaging, and crystal growing for imaging, which are all non-

specific techniques. By utilizing known base-pairing and QDs as a scaffold and donor 
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for FRET detection, detection can be simple, sensitive, and specific for a target 

sequence. 

The objective of this chapter is to optimize and demonstrate the ability of a DNA 

3WJ structure, in combination with QD, to detect a specific DNA target sequence. This 

FRET assay is used also to investigate mismatch detection in the target DNA sequence. 

This technique utilizes FRET detection that can only occur when all components of the 

3WJ are together to form the 3WJ.  

2.1.1 Principle of the Binding-Induced 3WJ FRET Assay 

Figure 2.1 shows the detection scheme for the DNA target. In this assay, QD probes are 

prepared by functionalizing them with a sequence (QD5) containing two domains, c 

(blue) and a* (purple). These are mixed with a dye sequence (DS), which is 

functionalized with a dye and also has two domains, c* (blue) and b* (green). When in 

the presence of a DNA target, the a* domain of the QD hybridizes with the a domain of 

the target, and the b* domain of DS hybridizes with the b domain of the target. This 

brings c and c* into close proximity, making hybridization favorable, bringing the dye 

into close proximity of the QD, and FRET detection can occur. The emission from both 

QD donor and Cy5 acceptor are detected. If the target DNA is not present, the 

complementary region of c and c* is not sufficiently long enough for stable 

hybridization to occur in bulk solution, and FRET detection cannot occur. 
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Figure 2.1 Scheme for the detection of a DNA target with a 3WJ. Functionalized 

quantum dot (QD) probes are mixed with the dye sequence (DS). When in the presence 

of a DNA target, probes hybridize with the complementary target (a with a* and b with 

b*), allowing complementary sequences c and c* to hybridize, bringing the dye to close 

proximity of QD, and FRET detection can occur. 

 

2.2 Experimental Methods 

2.2.1 Materials and Reagents  

The DNA oligonucleotides sequences (Tables 2.1 and 2.2) were custom synthesized, 

labeled, and HPLC purified by Integrated DNA Technologies (IDT, Coralville, IA). A 

solution of Qdot
TM

 605 ITK streptavidin conjugate QDs (2.0 μM) was obtained from 

ThermoFisher (Eugene, OR). Bovine serum albumin (BSA) was obtained from Sigma-
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Aldrich (Oakville, ON). Phosphate buffered saline (1X PBS) (pH 7.4) was obtained 

from Sigma-Aldrich (Oakville, ON). All other reagents were of analytical grade. 

 

Table 2.1 DNA sequences for three-way junction FRET detection of DNA. The colour 

codes of the nucleotides (green, blue, purple) match those in Figure 2.1. The same 

colours indicate complementary sequences. 

DNA Name Sequence 

DNA Target 5′- TAG CTT ATC AGA CTG ATG TTG A -3′ 

QD 5Comp (QD5) 5′- Biotin - CGT AG TT CT GAT AAG CTA -3′ 

QD 6Comp (QD6) 5′- Biotin - CGT AGT TT CT GAT AAG CTA -3′ 

QD 7 Comp (QD7) 5′- Biotin - CGT AGT G TT CT GAT AAG CTA -3′ 

Dye Sequence (DS) 5′- TCA ACA TCA GT TT CAC TAC G / T – Cy5 -3′ 

QD 5Comp 2T  

(QD5-2T) 

5′- Biotin - TT CGT AG TT CT GAT AAG CTA -3′ 

QD 5 Comp 5T  

(QD5-5T) 

5′- Biotin – TTT TT CGT AG TT CT GAT AAG CTA -

3′ 

QD 5Comp 10T  

(QD5-10T) 

5′- Biotin – TTT TTT TTT T CGT AG TT CT GAT 

AAG CTA -3′ 

20Biotin Control (C) 5'- Biotin - TT - ATG GCT GTC ACA TAC TTC GC -

3' 

 20Dye Control (DC) 5'- GCG AAG TAT GTG ACA GCC AT - Cy5 -3' 
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Table 2.2 Mismatches in the DNA Target. The site of mismatch is underlined. 

Mismatch DNA  Sequence 

1.01 5′- AAG CTT ATC AG A CTG ATG TTG A -3′ 

1.02 5′- TTG CTT ATC AG A CTG ATG TTG A -3′ 

1.03 5′- TAA CTT ATC AG A CTG ATG TTG A -3′ 

1.04 5′- TAG ATT ATC AG A CTG ATG TTG A -3′ 

1.05 5′- TAG CAT ATC AG A CTG ATG TTG A -3′ 

1.06 5′- TAG CTA ATC AG A CTG ATG TTG A -3′ 

1.07 5′- TAG CTT TTC AG A CTG ATG TTG A -3′ 

1.08 5′- TAG CTT AAC AG A CTG ATG TTG A -3′ 

1.09 5′- TAG CTT ATA AG A CTG ATG TTG A -3′ 

1.10 5′- TAG CTT ATC TG A CTG ATG TTG A -3′ 

1.11 5′- TAG CTT ATC AA A CTG ATG TTG A -3′ 

2.01 5′- TAG CTT ATC AG T CTG ATG TTG A -3′ 

2.02 5′- TAG CTT ATC AG A ATG ATG TTG A -3′ 

2.03 5′- TAG CTT ATC AG A CAG ATG TTG A -3′ 

2.04 5′- TAG CTT ATC AG A CTA ATG TTG A -3′ 

2.05 5′- TAG CTT ATC AG A CTG TTG TTG A -3′ 

2.06 5′- TAG CTT ATC AG A CTG AAG TTG A -3′ 

2.07 5′- TAG CTT ATC AG A CTG ATA TTG A -3′ 

2.08 5′- TAG CTT ATC AG A CTG ATG ATG A -3′ 

2.09 5′- TAG CTT ATC AG A CTG ATG TAG A -3′ 

2.10 5′- TAG CTT ATC AG A CTG ATG TTA A -3′ 

2.11 5′- TAG CTT ATC AG A CTG ATG TTG T -3′ 

1.20 5′- TAA GTT ATC AG A CTG ATG TTG A -3′ 

1.21 5′- TAA CTT ATT AG A CTG ATG TTG A -3′ 

2.20 5′- TAG CTT ATC AG A CTG ATC ATG A -3′ 

2.21 5′- TAG CTT ATC AG A TTG ATC TTG A -3′ 

Double 5′- TAA CTT ATC AG A CTG ATC TTG A -3′ 
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2.2.2 Preparation of QD Probe 

QD probes were prepared fresh each day. Probe preparation buffer contains 1X PBS 

with 0.1% BSA. Biotinylated QD sequence (QD5, QD6, QD7, QD5-2T, QD-5T, or 

QD-10T) was mixed with streptavidin coated QDs in a 15:1 (DNA:QD) ratio, unless 

otherwise stated. This was allowed to incubate at room temperature for 30 min. The 

final prepared QD probe concentration was 50 nM and the volume needed for 

experiments that day. 

2.2.3 Development of a Positive Control  

Streptavidin coated QDs were functionalized with biotinylated 20 nt long sequences (C) 

by mixing DNA with QDs in a 20:1 (DNA:QD) ratio. In 1X PBS with 0.1% BSA and 1 

mM Mg
2+

, 1 nM functionalized QDs were mixed with varying concentrations of 

complementary control dye labeled sequence (DC) in triplicate. These were left to 

incubate for 30 min at room temperature, and then transferred to a 96 well plate for 

fluorescence detection. 

 During all subsequent experiments, a positive control was run with C 

functionalized QDs (20:1 ratio) (final concentration 1 nM) to detect 5 nM DC to ensure 

experiments are running as expected.  

2.2.4 Fluorescence Detection of a DNA target 

A mix of QD probe and dye sequence were prepared in 1X PBS with 0.1% BSA and 1 

mM Mg
2+

 for final detection concentrations of 1 nM QD probe and 45 nM DS, unless 

otherwise specified. This master mix was added to all triplicate samples and blank 

(without DNA target) solutions to a final volume of 100 μL. Samples were left to 
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incubate for 30 min at room temperature, and then transferred to a 96 well plate for 

fluorescence detection. 

Fluorescence signal was detected with a multi-mode microplate reader (DTX 

880 Multimode Detector) with excitation at 475 nm and emission at 605 nm for QDs 

and emission at 680 nm for Cy5 fluorescence.  

The FRET response (fold change) is defined as: 

FRET Fold Change =  
(

S680
S605

− 
B680
B605

)

B680
B605

     (Eq. 2-1) 

where S680 and B680 are the fluorescence emission intensities at 680 nm in the presence 

and absence of target, respectively; and S605 and B605 are the fluorescence emission 

intensities at 605 nm in the presence and absence of target, respectively. Fluorescence 

emission for the Cy5 dye at 680 nm is due to energy transfer occurring because of 

FRET, meaning that the dye and the QD are in close proximity. Due to the short length 

of the complementary region, this only occurs when both the QD probe and dye probe 

bind to the protein target. Fluorescence emission at 605 nm is due to the QD emission. 

2.2.5 Optimization of Assay Parameters for DNA Target Detection 

Assay parameters were optimized to achieve high signal to noise ratios to improve 

detection limits. QD probes were prepared fresh each day for optimization of the 

following: length of complementary region c and c*, QD probe preparation, ratio and 

concentration of the QD probe and the DS, and length of spacer on QD5. For each 

optimization step, the target DNA was detected at 2 nM (green hatched) and 5 nM (solid 

blue) in triplicate, unless otherwise shown. Also detected at each optimization were 
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blanks (no DNA target, only QD probe, only DS) and positive controls (described in 

section 2.2.3). 

2.2.6 Calibration Curve for a DNA Target by 3WJ-FRET Detection 

With optimized conditions, a series dilution of the DNA target was detected. All 

samples were tested in triplicate, 9 sample blanks were tested, and positive control was 

tested in triplicate. From this data, a calibration curve was created, and standard 

deviations of the blanks were used to calculate detection limits. 

2.2.7 Detection of Mismatches using the 3WJ-FRET Assay 

Detection of mismatched sequences (Table 2.2) was conducted under the optimized 

conditions as was for the generation of the calibration curve. Forced detection of 

mismatches was attempted by increasing the mismatch sequence concentration 100x to 

1 μM (orange hatched) compared to the DNA target at 10 nM (solid blue). Detection of 

mismatches at 10 nM was used for calculation of discrimination factor compared to the 

DNA target. The discrimination factor is the ratio of the difference in FRET fold change 

of the target compared to the mismatch fold change.
129

 

 

2.3 Results and Discussion 

2.3.1 Development of a Positive Control 

An important aspect in the development of any analytical technique is the ability to trust 

that the results obtained are the true values. One way to ensure this is to include controls 

that should have no signal response (negative control) and that always have a strong 

signal response (positive control). For positive controls for FRET signal response, it is 
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important to ensure that the dye is always brought to a close proximity with the QD 

donor. To do this, a biotinylated 20-nucleotide long sequence (C) was designed, 

functionalized to QDs, and mixed with varying amounts of completely complementary 

dye labeled sequence (DC). This design is similar to that of Zhang et al.
79

 but without 

the use of a target DNA. Figure 2.2 shows the increasing FRET fold change response for 

increasing amounts of DC. The final detection concentration of QDs is 1 nM, and each 

QD is functionalized with 20 C sequences; and it can be seen that the calibration curve 

is no longer linear at the 20 nM DC concentration. This is logical as the overall 

concentration of C sequences and DC sequences is approximately equal, making the 

signal become saturated.   

 

 

 

 

 

 

Figure 2.2 Calibration curve for the detection of the dye control (DC) as a positive 

control. 
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 This design accounts for a perfect hybridization situation and shows what the 

signal should be in ideal circumstances. The signal at 5 nM is well within the linear 

range of the calibration curve and has a very strong FRET fold change signal around 30. 

For all subsequent experiments in Chapters 2−4, a positive control detecting 5 nM DC 

with 1 nM QD functionalized with 20 C sequences was used. 

2.3.2 Optimizing Assay Parameters for Detection of a DNA Target 

The first optimized parameter for the FRET BINDA assay is the length of the 

complementary region c and c*, shown in Figure 2.1. If this length is too long, the DS 

and the QD probe could hybridize nonspecifically, resulting in an increased background 

signal. As described in Table 2.1, the length of the complementary region is increased 

by varying the c region of the QD sequence (QD5, QD6, QD7). Figure 2.3 shows the 

FRET fold change results as the length of this region is increased. From the figure, QD5 

gave the best fold change response for both concentrations of target sequence tested. 

This is due to the overall low background signal at 680 nm, suggesting that there is little 

nonspecific hybridization between the DS and the QD probe without target present. As 

the length of c increased (in QD6 and QD7), the background signal at 680 nm increased, 

resulting in lowered fold change signal for these sequences. This suggests that 

increasing the complementary length between c and c* increases the target nonspecific 

hybridization of probes. Because of this, QD5 was chosen for further optimization of the 

assay. 
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Figure 2.3 Optimization of the length of the complementary region between the QD 

probe and the DS. The green hatched bars were the results from the detection of 2 nM 

DNA target; the solid blue bars show results from the detection of 5 nM DNA target. 

 

 The preparation of QD probes is important for optimizing the FRET fold change 

signal. The commercially available QDs are functionalized with multiple molecules, 

therefore, can be functionalized with multiple QD5 DNA sequences. Figure 2.4 shows 

the detection of a target sequence with varying amounts of QD5 functionalized to QD, 

with a final detection concentration of 1 nM. It appears that all amounts have the same 

FRET fold change signal within the error limits. According to the manual for the QDs, 

each QD is functionalized with 5−10 streptavidin molecules, and as each streptavidin 

molecule has four biotin binding sites, a maximum of 20−40 QD5 sequences can be 

functionalized per QD. This, however, is in an ideal situation where the manufacturer 
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functionalization of QDs is optimal, and DNA functionalization occurs at 100%. 

Because of this, QDs functionalized with 15 QD5 sequences was chosen for subsequent 

experiments as it allows for a high signal but doesn't allow for excess QD5 in solution 

that could bind targets but not be hybridized to the QD probe. 

 

 

 

 

 

 

 

Figure 2.4 Preparation of the QD probe by varying the amount of QD5 functionalized 

to the QD. 

 

 The ratio and concentration of the DS to the QD probes is important in order to 

ensure that the highest fold change can occur. As each QD is functionalized with 15 

QD5 sequences, each probe has the opportunity to detect up to 15 target sequences. By 

optimizing the ratio of the DS to the QD probe, the highest FRET fold change with the 

lowest background signal can be determined. Figure 2.5 (A) shows this optimization by 

varying the amount of DS and maintaining the QD probe at 1 nM. It appears that the 
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signals for 30, 45, 60, and 75 nM of DS are all similar. This makes sense as the actual 

concentration of QD5 is only 15 nM, and the signal is saturated. To ensure that the DS 

is not the limiting factor in subsequent experiments, a ratio of 1:45 (QD probe:DS) was 

chosen as it maintains the DS in a 3x excess of the QD probe but does not have a 

negative effect by increasing the background signal. Figure 2.5 (B) uses the 1:45 ratio 

but looks at the effect of varying the probe concentration. It can be seen that decreasing 

the probe concentration decreases the FRET fold change signal as there are fewer probes 

in solution. Increasing the probes to above 1 nM QD and 45 nM DS increases the 

background signal at 680 nm, decreasing the overall fold change. Thus, for subsequent 

experiments, 1 nM QD and 45 nM DS was used. 
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Figure 2.5 Optimization of probe ratio (A) and probe concentration (B). 

 

 The final optimization is done by varying the dye distance from the QD donor 

for FRET detection. For FRET to occur, the donor (QD) and dye (acceptor) must be 

within an optimal distance. For this particular system, the Förster distance is 6.94 nm.
79
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For all the QD5 sequences, the biotin used has an intrinsic 15-atom long tetraethylene 

glycol spacer, but by adding polyT sequences to the sequence, the distance of the QD 

donor to the Cy5 acceptor can be tuned and varied.  Figure 2.6 shows the effect of 

increasing this distance. All previous optimization experiments simply used QD5 

functionalized to QDs, however, it appears that the addition of a 2T (QD5-2T) spacer 

gives a stronger FRET fold change. This small increase in distance (~0.64 nm) may give 

the DS more flexibility to hybridize with QD5, allowing for a stronger interaction when 

both probes are bound to the target sequence. As the polyT spacer is further increased to 

5T and 10T, the FRET fold change signal decreases. This suggests that the dye has 

moved further away from the QD donor and that FRET efficiency decreased as (r) from 

equation 1-3 increased.   

 

 

 

 

Figure 2.6 Optimization of the dye distance from the QD by varying the length of the T 

spacer on QD5 sequence functionalized to the QD. 
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2.3.3 Calibration Curve for the Detection of the DNA Target Using the Developed 

3WJ-FRET Assay 

With all optimized conditions, calibration curves were constructed for both QD5 with 

no additional spacer (blue diamonds) and QD5-2T (orange squares), as seen in Figure 

2.7. The QD5 curve is linear from 0.1−15.0 nM target DNA concentration, but the 

QD5-2T curve is linear only up to 10 nM target DNA concentration. These linear ranges 

result in the QD5-2T curve being slightly more sensitive and to have a much lower y-

intercept, suggesting that it could have a lower LOD, but the standard deviation of the 

blank signal is greater than for QD5. In both curves, the 100 pM signal is discernable 

from the blank, but limits of detection are 164 pM (QD5) and 279 pM (QD5-2T). 
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Figure 2.7 Calibration curves for the detection of the target DNA using a 3WJ FRET 

detection system for no spacer QD5 (blue diamonds) and spacer QD5-2T (orange 

squares). 

 

 Studies have shown that there are approximately 6−7 pg of DNA per cell;
130,131

 

this is a very small amount. However, when analyzing biological samples, thousands of 

cells are taken, lysed, and the contents analyzed. This increases DNA concentrations 

drastically to bring concentrations into the calibration range. From these samples, the 

DNA can be isolated and concentrated for analysis by the developed method. Other 

assays have been developed using aptamers and 3WJ strategies for the detection of 

nucleotide, protein, and small molecules, and the detection limits are in the pM to nM 
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range.
41

 This suggests that this developed assay has potential to be used in real samples 

for the detection of cellular DNA. 

 

2.3.4 Detection of Mismatches Using the 3WJ-FRET Assay 

Detection of single base mismatches is important as these mutations can lead to non-

functional proteins and result in many diseases. Specific detection is important as these 

mismatches can be in low concentration. By using the developed 3WJ FRET method 

with QD5, this research further explored whether mismatches could be detected. Table 

2.2 summarizes the mismatch sequences tested compared to the DNA target in Table 

2.1. These sequences were designed by changing the base to an A, unless the base was 

already an A, then it was changed to a T. These sequences were designed to determine 

where in the probe binding region (a and b) a mismatch could be detected. If there is a 

mismatch in a or b, the QD probe or the DS cannot hybridize with the target sequence, 

and FRET detection cannot occur. 

 Figure 2.8 shows the detection of mismatch sequences (1 μM) at 100x the 

concentration of the target sequence (10 nM). This was done as an attempt to force 

interaction between the probes and the target, even though the stability of that 

interaction is much lower than the prefect target match. From the Figure, binding of the 

QD probe in region a (mismatches 1.01−1.11) is higher than binding of the DS to region 

b (mismatches 2.01−2.11). For both probes, it appears that mismatches near the ends of 

the regions are more tolerated and still allow the QD probe or the DS to bind compared 

to mismatches in the middle of the binding regions. 
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Figure 2.8 Detection of single mismatch sequences (orange) at an elevated 

concentration (1 μM) compared to the 10 nM target sequence (blue). The mismatch 

locations in the sequences are shown in Table 2.2.  

 

 Figure 2.9 shows the detection of double mismatch sequences (1 μM) at 100x the 

concentration of the target sequence (10 nM). Sequences 1.20 and 1.21 have double 

mismatches in the a binding region for the QD probe, and sequences 2.20 and 2.21 have 

double mismatches in the b binding region for the DS. The double mismatch has a 

mismatch in both the a binding region and in the b binding region. Unsurprisingly, there 

is no FRET fold change for any of these double mismatches. This is due to the probes 

not hybridizing with the target sequence and FRET detection being unable to occur. 
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Figure 2.9 Detection of double mismatch sequences at an elevated concentration (1 μM) 

compared to the 10 nM target sequence to force detection. 

 

Figure 2.10 shows the detection of mismatch sequences at the same 

concentration as the target sequence (10 nM). This data gives a true picture of how the 

developed assay performs for detecting SNPs. From this data, it appears that the 

detection of SNPs cannot be discriminated from target detection if the mismatch is near 

the end of the binding regions a and b. Mismatch sequences 1.01, 1.02, 2.01, and 2.11 

have similar FRET fold change as the target DNA sequence, and sequences 1.10, 1.11, 

and 2.10 have slightly lowered fold change. This likely is due to the ability of the QD 

probe and the DS still being able to bind to the target despite a single base mismatche 

being present. Alternatively, if the mismatch occurs in the middle of binding regions a 

and b (sequences 1.03−1.09 and 2.02−2.09), the FRET fold change is very low 
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compared to the perfect target sequence, and discrimination is simple to observe. This 

likely is due to the mismatch disrupting the ability of the QD probe to hybridize with 

region a and the DS to hybridize with region b. If either of the probes do not hybridize 

with the target, FRET detection cannot occur. 

 

Figure 2.10 Detection of single mismatch sequences at 10 nM for the determination of 

the discrimination factor compared to the target sequence (T). The mismatch locations 

are show in Table 2.2. 

 

 Table 2.3 summarizes the ability of the developed assay to discriminate between 

the target sequence and any SNPs. The discrimination factor (DF) is the ratio of the 

difference in detection of the target compared to the mismatch.
129

 A DF value of 

approximately 1 means that there is little to no discrimination between the target and the 
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mismatch sequence. A DF value less that 1 indicates that the mismatch has a higher 

detection signal than the target, while a DF value greater than 1 indicates that the target 

has a higher detection than the mismatch sequence. A comparison of Figure 2.10 and 

Table 2.3 shows agreement between the recorded signal and the calculated DF. 

Sequences 1.01, 1.11, and 2.01 have DF values of approximately 1, suggesting there is 

no discrimination between these and the perfect target. Sequence 2.11 has a DF less than 

1, which is not surprising as it is a mismatch at the 3′ end of the target sequence and is 

less significant for hybridization than those bases in the middle of the sequence. For the 

mismatches that occur in the middle of binding regions a and b (sequences 1.02−1.10 

and 2.02−2.10), the DF values are all much greater than 1, again suggesting that the QD 

probe or the DS do not hybridize, and there is little to no FRET signal. 
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Table 2.3 Discrimination factors (DF) of mismatches compared to the target DNA 

sequence. 

DNA Sequence Discrimination Factor (DF) 

T 1.01 ± 0.05 

1.01 0.97 ± 0.06 

1.02 5.4 ± 0.1 

1.03 6.03 ± 0.07 

1.04 21.7 ± 0.1 

1.05 16.5 ± 0.1 

1.06 6.49 ± 0.08 

1.07 10.4 ± 0.2 

1.08 18.6 ± 0.2 

1.09 1.41 ± 0.06 

1.10 1.73 ± 0.04 

1.11 1.01 ± 0.05 

2.01 0.94 ± 0.04 

2.02 14.3 ± 0.2 

2.03 10.8 ± 0.1 

2.04 54.0 ± 0.4 

2.05 15.7 ± 0.3 

2.06 30.1 ± 0.4 

2.07 32.5 ± 0.3 

2.08 20.3 ± 0.2 

2.09 11.12 ± 0.09 

2.10 2.6 ± 0.1 

2.11 0.80 ± 0.05 

 

The results of Figure 2.10 and Table 2.3 indicate that this optimized assay could 

be used easily for the detection of SNPs in samples. By designing the QD5 probe 
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sequence or the DS sequence to include the mismatch in the middle of binding region a 

or b, there would be very little FRET signal compared to the perfect target sequence. 

These discrimination factors are specific to this sequence and would need to be 

optimized for other targets. 

 Other SNP detection methods using nanomaterials have achieved attomolar 

levels of detection, but these methods require amplification steps.
132

 Other nanomaterial 

based methods do not have amplification steps but require much more time and complex 

instrumentation.
133–135

 This developed 3WJ with FRET detection method has a pM 

detection limit, has very simple operation and instrumentation, and detection is able to 

occur in less than 30 min.  

 

2.4 Conclusions 

A sensitive and specific assay for the detection of a target DNA sequence was developed 

using a DNA 3WJ FRET technique. This assay is technically simple to perform, occurs 

in a homogeneous solution, is rapid, and all the mixing and detection occurs at room 

temperature without the need for complex instrumentation. The technique has the 

novelty of using a DNA functionalized QD as a FRET donor, with the functionalized 

DNA used for the construct of a DNA 3WJ.  This developed assay is sensitive to a 

specific target sequence and is able to achieve picomolar detection limits without the 

need to amplify the target sequence. This assay also can be used to detect SNPs by 

designing the QD probe or the DS to have the mismatch in the middle of the 

hybridization region. Further research could be conducted to test the application of this 
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technique to real-world examples, such as serum or cell lysate. For detection of low 

concentrations of SNPs, additional amplification of signals would be useful. 
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Chapter 3: Binding-Induced Three-Way Junction 

Fluorescence Energy Transfer Method for the Detection of a 

microRNA Target 

3.1 Introduction 

miRNA have many functions in cells, mostly affecting gene expression through 

interaction with mRNA targets.
13–16

 microRNA 21 is one of the most frequently over-

expressed microRNA sequences in solid tumors and has shown the ability to inhibit 

phosphatase expression, limiting the activity of many signaling pathways.
136,137

 

microRNA 21 targets many different tumor suppressors; its over expression results in a 

tumor growth in many types of cancers, such as gastric,
138

 ovarian,
139,140

 cervical,
141

 and 

leukemic cancers,
142

 as well as head and neck cell lines,
143

 papillary thyroid 

carcinoma,
144

 and hepatocellular carcinomas.
145

 Because of the wide range of cancers 

associated with microRNA 21, development of an assay for early detection is important 

for rapid diagnosis allowing for earlier treatment of patients. 

 The aim of this chapter is to extend the DNA-3WJ assay developed in Chapter 2 

to the detection of microRNA by changing the DNA target to microRNA 21. This 

technique utilizes FRET detection that can only occur when all components of the 3WJ 

are together to form the 3WJ.  

3.1.1 Principle of the Binding-Induced 3WJ FRET Assay 

Figure 3.1 shows the detection scheme for the microRNA target. In this assay, QD 

probes are prepared by functionalizing them with a sequence (QD5, QD6, QD7) 
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containing two domains, c (blue) and a* (purple). These are mixed with a dye sequence 

(DS), which is functionalized with a dye and also has two domains, c* (blue) and b* 

(green). When in the presence of a microRNA target, the a* domain of the QD 

hybridizes with the a domain of the target, and the b* domain of the DS hybridizes with 

the b domain of the target. This brings c and c* into close proximity, making 

hybridization favorable, bringing the dye into close proximity of the QD, and FRET 

detection can occur. The emission from both the QD donor and the Cy5 acceptor are 

detected. If the microRNA target is not present, the complementary region of c and c* is 

not sufficiently long enough for stable hybridization to occur in bulk solution, and FRET 

detection cannot occur. 
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Figure 3.1 Scheme for the detection of a microRNA target with a 3WJ. Functionalized 

QD probes are mixed with a dye sequence (DS). When in the presence of a microRNA 

target, probes hybridize with the complementary target (a with a* and b with b*), 

allowing complementary sequences c and c* to hybridize, bringing the dye to close 

proximity of QD, and FRET detection can occur. 

 

3.2 Experimental Methods 

3.2.1 Materials and Reagents  

The DNA and RNA oligonucleotides sequences (Table 3.1) were custom synthesized, 

labeled, and HPLC purified by Integrated DNA Technologies (IDT, Coralville, IA). A 

solution of Qdot
TM

 605 ITK streptavidin conjugate QDs (2.0 μM) was obtained from 

ThermoFisher (Eugene, OR). Bovine serum albumin (BSA) was obtained from Sigma-

Aldrich (Oakville, ON). Phosphate buffered saline (1X PBS) (pH 7.4) was obtained 
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from Sigma-Aldrich (Oakville, ON). RNAse Away
TM

 was obtained from ThermoFisher 

(Eugene, OR). Tween 20 was obtained from Sigma-Aldrich (Oakville, ON). All other 

reagents were of analytical grade. 

 

Table 3.1 DNA and RNA sequences for three-way junction FRET detection of 

microRNA 21. The colour codes of the nucleotides (green, blue, purple) match those in 

Figure 3.1. The same colours indicate complementary sequences. 

Nucleic Acid Name Sequence 

microRNA 21  5′- UAG CUU AUC AGA CUG AUG UUG A -3′ 

microRNA 10b 5′- UAC CCU GUA GAA CCG AAU UUG UG-3′ 

QD 5Comp (QD5) 5′- Biotin - CGT AG TT CT GAT AAG CTA -3′ 

QD 6Comp (QD6) 5′- Biotin - CGT AGT TT CT GAT AAG CTA -3′ 

QD 7 Comp (QD7) 5′- Biotin - CGT AGT G TT CT GAT AAG CTA -3′ 

Dye Sequence (DS) 5′- TCA ACA TCA GT TT CAC TAC G / T – Cy5 -3′ 

 

3.2.2 Preparation of QD Probe 

QD probes were prepared fresh each day. To avoid contamination, all lab supplies were 

autoclaved and kept in a sterile cabinet. At the start of each day, the equipment was 

treated with RNAse Away
TM

 in order to avoid degradation of the microRNA 21 target. 

The probe preparation buffer contains commercially available 1X PBS with Mg
2+

/Ca
2+

 

and additional Mg
2+

 added. Biotinylated QD sequence (QD5, QD6, QD7) was mixed 

with streptavidin coated QDs in a 15:1 (DNA:QD) ratio. This was allowed to incubate at 
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room temperature for 30 min. The final prepared QD probe concentration is 50 nM and 

the volume needed for experiments that day. 

3.2.3 Fluorescence Detection of a microRNA target 

A mix of QD probe and dye sequence were prepared in 1X PBS buffer with Mg
2+

/Ca
2+

 

with optimized nonspecific blocking agent (BSA or Tween 20) and added Mg
2+

 for final 

detection concentrations of 1 nM QD probe and 45 nM DS, unless otherwise specified. 

This master mix was added to all triplicate samples and blank (without microRNA 

target) solutions to a final volume of 100 μL. Samples were left to incubate for 30 min at 

room temperature and then transferred to a 96-well plate for fluorescence detection. 

The fluorescence signal was detected with a multi-mode microplate reader (DTX 

880 Multimode Detector) with excitation at 475 nm and emission at 605 nm for QDs 

and emission at 680 nm for Cy5. FRET fold change is calculated from formula (Eq. 2-

1), as described in section 2.2.4. The fluorescence signal of blanks also was examined at 

680 nm as it is only due to Cy5 emission originating from energy transfer from the QD 

donor and shows background signal clearly.  

3.2.4 Optimization of Assay Parameters for microRNA Target Detection 

Parameters optimized in Chapter 2 were used initially for the detection of microRNA 

21. As the DNA/RNA hybridization is not as stable as DNA/DNA hybridization, several 

parameters were further optimized to improve this hybridization and detection. 

Optimization included the buffer composition, by adjusting the salt concentration, and 

the length of the complementary region c. All optimizations used commercially 

available 1X PBS buffer with Mg
2+

/Ca
2+

 that was not autoclaved due to precipitation of 



 61 

salts during the process. For each optimization step, the target microRNA was detected 

at 2 nM (green hatched) and 5 nM (solid blue) in triplicate, unless otherwise shown. 

Also detected at each optimization were blanks (no DNA target, only QD probe, only 

DS) and positive controls (described in section 2.2.3). 

3.2.5 Calibration Curve for a microRNA Target by 3WJ-FRET Detection 

With optimized conditions, a series dilution of microRNA was detected. All samples 

were tested in triplicate, 9 sample blanks were tested, and positive control was tested in 

triplicate. From this data, a calibration curve was created, and standard deviations of the 

blanks were used to calculate detection limits. Detection of a different microRNA target 

(microRNA 10b) also was tested to show assay specificity. 

 

3.3 Results and Discussion 

3.3.1 Optimization of Buffer Conditions 

Buffer conditions for miRNA detection are critical for stabilizing DNA/RNA 

hybridization. There also is the potential risk of RNAse contamination, which would 

degrade miRNA in samples; therefore, buffers and equipment must be sterile. Optimized 

parameters from Chapter 2 (15 QD5 sequences functionalized to QDs, 45 nM DS with 1 

nM QD) were used to assess buffers for detection of the microRNA 21 target. Figure 3.2 

shows FRET fold change with different buffer conditions. Buffer 1 used in DNA 

detection showed no FRET signal. This buffer was not sterile and had very little Mg
2+

 

ions. Mg
2+

 aids in the hybridization of nucleic acids into duplexes by stabilizing the 

negative charges in the sugar-phosphate backbones. Buffer 2 showed a low fold change 
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signal when using a sterile, commercially available 1X PBS buffer with Mg
2+

/Ca
2+

. The 

concentration of the cations is not sufficient to stabilize the negatively charged 

backbones. Buffer 3 also had a low fold change signal with the 1X PBS buffer with 

Mg
2+

/Ca
2+

 and added 0.1% BSA. The addition of BSA in previous experiments was 

used to prevent adsorption of assay components to the reaction vessel walls. Buffer 4 

had a slightly elevated FRET fold change signal when using commercial 1X PBS with 

Mg
2+

/Ca
2+

 and added 0.05% Tween 20. In this case, the addition of Tween 20 is used to 

replace the addition of BSA and prevent adsorption. Buffer 5 had a much higher fold 

change signal when using commercial 1X PBS with Mg
2+

/Ca
2+

 and added 20 mM Mg
2+

. 

The addition of a high concentration of cation helps stabilize the DNA/RNA duplex. 

When increasing the added cation concentration to 50 mM Mg
2+

, as in Buffer 6, the 

signal decreased. Comparing Buffer 5 with Buffer 7, the addition of 0.05% Tween 20 

did not improve the fold change signal. Comparing Buffer 6 with Buffer 8, similar to 

Buffer 7, the addition of 0.05% Tween 20 did not improve the fold change signal.  
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Figure 3.2 Optimization of buffer conditions with QD5 functionalized QD probes. (1) 

Buffer conditions in Chapter 2: 1X PBS with added 1 mM Mg
2+

 and 0.1% BSA. (2) 

Commercial 1X PBS with Mg
2+

/Ca
2+

. (3) Commercial 1X PBS with Mg
2+

/Ca
2+

 and 

0.1% BSA. (4) Commercial 1X PBS with Mg
2+

/Ca
2+

 and 0.05% Tween 20. (5) 

Commercial 1X PBS with Mg
2+

/Ca
2+

 and additional 20 mM Mg
2+

. (6) Commercial 1X 

PBS with Mg
2+

/Ca
2+

 and additional 50 mM Mg
2+

.  (7) Commercial 1X PBS with 

Mg
2+

/Ca
2+

 and additional 20 mM Mg
2+ 

and 0.05% Tween 20. (8) Commercial 1X PBS 

with Mg
2+

/Ca
2+

 and additional 50 mM Mg
2+

and 0.05% Tween 20. The green hatched 

bars were the results from the detection of 2 nM DNA target; the solid blue bars show 

results from the detection of 5 nM DNA target. 
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3.3.2 Optimization of Complementary Region 

From the buffer optimization in Figure 3.2, Buffer 5 appears to have the best conditions 

for FRET fold change response. However, these conditions are optimal for QD probes 

with a QD5 sequence. Increasing the length of the complementary region c could help 

stabilize the 3WJ, allowing for stronger detection of the microRNA target. 

Figure 3.3 shows the increase in the length of region c by changing the sequence 

functionalized to QD probes (15 sequences per QD) using Buffer 5. The Figure shows 

that QD6 gives the strongest fold change signal under these conditions. The increase in 

one nucleotide in the complementary region compared to QD5 appears to aid in the 

stabilization of the 3WJ. Under Buffer 5 conditions, QD7 gave the lowest fold change 

signal due to a higher background signal. However, as this is the longest complementary 

region, it provides the highest stability for the binding induced 3WJ. 
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Figure 3.3 Optimization of the length of the complementary region between the QD 

probe and the DS. 

 

 In order to improve the FRET fold change signal with QD7, the background 

signal should be decreased. Since Buffer 5 has a high added cation concentration, 

reducing this should decrease the target nonspecific hybridization, thereby increasing 

the FRET signal. Figure 3.4 shows the optimization of buffer conditions by varying the 

amount of added Mg
2+

 to the commercial 1X PBS buffer with Mg
2+

/Ca
2+

. The aim of 

varying the added cation is to stabilize the DNA/RNA duplex. However, too high a 

concentration stablilizes the hybridization of the QD probe and the DS not in the 

presence of microRNA target, which results in a higher background and reduced FRET 

fold change signal. From the Figure, it appears that with QD7 functionalized QDs, the 
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addition of 1 mM Mg
2+

 gives the strongest fold change signal due to minimal 

background signal. 

 

Figure 3.4 Optimization of buffer conditions with QD7 on the QD probe. 

 

 Using the commercial 1X PBS buffer with Mg
2+

/Ca
2+

 and added 1mM Mg
2+

, the 

concentration of DS is optimized with QD7 functionalized QD probes maintained at 1 

nM. From Figure 3.5, maintaining the DS at 45 nM gave the strongest fold change 

signal. This concentration is the same concentration as the one optimized for DNA 

detection, making the DS a 3x excess of the QD7 sequence with the final QD probe 

concentration. This excess ensures that there are many DS sequences for detection, 

without having such a high excess as to increase the background signal. However, when 
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assessing the overall absolute FRET fold change signal, even with the optimized buffer 

conditions, the signal is not as high as with QD6. 

 

 

 

 

 

 

 

Figure 3.5 Optimization of the DS concentration with QD7 on the QD probe. 

 

 From Figure 3.3, QD6 functionalized QD probes gave the strongest fold change 

signal. Optimizing the concentration of added cation to the buffer conditions could 

increase this overall signal further. Figure 3.6 show the optimization of buffer conditions 

by varying the amount of added Mg
2+

 to the commercial 1X PBS buffer with Mg
2+

/Ca
2+

 

for QD6 functionalized QD probes. It can be seen that the addition of 10 mM Mg
2+

 

gives the strongest fold change signal. This amount helps strengthen the DNA/RNA 

hybridization without strengthening the non-specific hybridization of the DS with the 

QD probe. 
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Figure 3.6 Optimization of buffer conditions with QD6 on the QD probe. 

 

 Using optimized buffer conditions (1X PBS buffer with Mg
2+

/Ca
2+

 and added 10 

mM Mg
2+

), the concentration of DS is optimized with QD6 functionalized QD probes 

maintained at 1 nM. Figure 3.7 shows that 45 nM DS gives the highest FRET fold 

change response. As with DNA detection and with QD7 functionalized QD probes, this 

concentration allows DS to be 3x excess QD6 so detection of microRNA can occur with 

minimal background signal. 
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Figure 3.7 Optimization of the DS concentration with QD6 on the QD probe. 

 

3.3.3 Calibration Curve for the Detection of a microRNA Target by 3WJ-FRET 

Detection 

With all optimized conditions, a calibration curve for the detection of microRNA 21 

(blue diamonds) is shown in Figure 3.8. The data is linear from 0.2−15.0 nM microRNA 

21 target with an LOD of 720 pM. Also shown in Figure 3.8 is the detection of a 

microRNA 10b (orange squares) using the assay and specific probes for microRNA 21; 

there is no fold change signal for the non-specific sequence. This shows that the 

developed assay is specific for the desired target as the QD probe sequence and the DS 

are designed for that target.  
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Figure 3.8 Calibration curves for the detection of microRNA 21 (blue diamonds) and 

non-specific microRNA 10b (orange squares) using the developed 3WJ FRET detection 

system. 

 

 Detection of specific miRNA targets is important for disease detection, 

diagnosis, and prognosis. The developed miRNA assay has a higher LOD compared to 

DNA from Chapter 2 (720 pM vs. 163 pM), but the LODs are within the same order of 

magnitude. This difference can be due to many factors, including the potential lowered 

hybridization stability between DNA:RNA duplexes compared to DNA:DNA and 

RNA:RNA duplexes.
146

 This can be observed in the overall lower absolute FRET fold 

change values in the calibration curves. The absolute fold change values for miRNA can 

be increased by increasing the hybridization between the QD probes, the DS, and the 
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microRNA target. This increased hybridization would bring more DS to close proximity 

of the QD probe, increasing FRET detection.  

 Another important aspect of hybridization in this assay is accounting for the GC 

content of sequences. As GC pairs form 3 hydrogen bonds upon hybridization, their 

contribution to the overall stability is greater than an AT pair, which only forms 2. The 

22 nucleotide long sequence of microRNA 21 only has 36% GC content, while other 

microRNA targets may have higher (10b has 44%). This lowered GC content means that 

forming duplexes with microRNA 21 will not be as stable as those with higher GC 

content. The developed assay was able to detect microRNA 21 despite this lowered 

content, but the conclusions made in this Chapter can be applied only to microRNA 21. 

If this assay is applied to other microRNA targets, optimization of complementary 

region length and salt content must be optimized.  

 As microRNA 21 plays an important role in many diseases,
136

 sensitive detection 

is important. Yang et al.
147

 recently developed a sensitive strategy for in vivo detection 

using graphene oxide (GO) and a dually labeled molecular beacon (MB). Introduction of 

the microRNA target removes the MB from the GO surface and restores fluorescence to 

the dye labels. This assay has a 2:1 (target: dye response) resulting in a detection limit of 

30 pM. It is only an order of magnitude less than the developed 3WJ assay and can be 

used in cells. Another FRET based assay was able to achieve detection limits of 

200−900 pM in small volumes.
148

 This assay has a detection limit range similar to the 

developed 3WJ assay but has a ligation step, increasing analysis time. Clinical detection 

of microRNAs includes quantitative PCR, microarrays, next generation sequencing, and 

Northern blotting.
149–151

 Though these techniques are powerful and well-established, 
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they can be time consuming and may require reverse transcription for the detection of 

synthesized complementary DNA to the microRNA target. Overall, the developed 3WJ 

assay with FRET detection compares well with other simple microRNA detection 

methods, with the advantage of extremely simple methods, instrumentation, and rapid 

detection. This developed technique also holds the advantage of short probe binging 

length, which is ideal for short microRNA sequences.  

 

3.4 Conclusions  

A sensitive and specific assay for the detection of a miRNA sequence was developed 

using a DNA 3WJ FRET technique. This assay is technically simple to perform, occurs 

in a homogeneous solution with rapid detection, and with all steps occurring at room 

temperature without the need for complex instrumentation. The technique has the 

novelty of using a DNA functionalized QD as a FRET donor, with the functionalized 

DNA used for the construct of a DNA 3WJ.  This developed assay is sensitive and is 

able to achieve pM detection limits without the need to amplify the target sequence. The 

assay is also specific for a desired target, with no detection occurring upon the 

introduction of a non-specific microRNA sequence. The specificity of this assay 

suggests that it could be used to detect miRNA targets in biological samples. 
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Chapter 4: Detection of Human α-Thrombin using a Binding-

Induced Fluorescence Energy Transfer Detection Method 

4.1 Introduction 

Thrombin is a protease that acts in the coagulation cascade.
152–155

 After an injury, 

thrombin is enzymatically cleaved from its inactive form (prothrombin) into its active 

form, where it is able to aid in the formation of clots to prevent further bleeding. Due to 

its critical role in the coagulation cascade, thrombin has been found to be involved with 

diseases such as Alzheimer’s disease and cancers.
156,157

 Under normal conditions, 

thrombin is not present in blood, but inactive prothrombin is secreted into blood at a 

concentration of about 1.2 μM. After injury and during coagulation, concentrations of 

thrombin cleaved from prothrombin can vary from pM to μM.
158,159

  

Thrombin is a frequently used target molecule for proof of concept assays. An 

extensive review of over 100 aptamer-based assays for thrombin detection was 

published in 2014.
160

 Most assays detect human α-thrombin, which is the most 

biologically significant form of thrombin. There are 2 aptamers for α-thrombin: a 15 

nucleotide long sequence (Kd = 100 nM)
68

 and a 29 nucleotide long sequence (Kd = 0.5 

nM).
161

 Both aptamer sequences form stable intramolecular G-quadruplex structures, 

which can be used as DNAzymes for the detection of thrombin.
162

 There are many 

factors that contribute to the use of thrombin for proof of concept assays. Both thrombin 

aptamers are short sequences with 15 or 29 nucleotides, making them simple and 

inexpensive to synthesize even with affinity or reporter molecule modifications. Also, 

the two aptamers bind to two distinct epitopes on the thrombin molecule without 
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interfering with each other’s binding or with the catalytic activity of thrombin itself. The 

15−nt aptamer binds to the heparin-binding site of thrombin, and the 29−nt aptamer 

binds to the fibrinogen-recognition site of thrombin. The binding of the two aptamers 

makes a “sandwich” format assay that is well established in many other techniques. 

The aim of this chapter is to develop a BINDA based assay coupled with FRET 

detection for human α-thrombin as a proof of principle method for other protein targets. 

These techniques pair well due to their intrinsic properties: BINDA cannot occur unless 

both probes bind to bring complementary sequences to close proximity, and FRET 

cannot occur unless the donor and acceptor are also in close proximity.  

4.1.1 Principle of the Binding-Induced FRET Assay 

Figure 4.1 shows the scheme for the detection of human α-thrombin. In this assay, QD 

probes are prepared by functionalizing a thrombin aptamer (purple) and a short 

complementary sequence (green). Dye probes are prepared with another thrombin 

aptamer (blue) and a dye labeled sequence complementary to the green sequence on 

QDs (black and green). In the presence of a target human α-thrombin protein, the two 

aptamer probes bind to the same α-thrombin protein, bringing the complementary 

sequences together for hybridization and bringing the dye into close proximity of QD. 

Thus, FRET detection can occur. The emission from both the QD donor and the Cy5 

acceptor are detected. If the target protein is not present, there is no binding-induced 

assembly. The inter-molecular hybridization between the probes is not stable 

hybridization in bulk solution. The Cy5 acceptor is not brought to close proximity of the 

QD donor, and FRET detection cannot occur. 
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Figure 4.1 Scheme for the detection of human α-thrombin. Functionalized QD probes 

are mixed with dye probes. When in the presence of a protein target, the two aptamer 

probes bind to the same target protein, facilitating complementary sequences to 

hybridize, bringing the dye to close proximity of QD, and FRET detection can occur. 

Th15 denotes the 15−mer thrombin aptamer and Th29 denotes the 29−mer thrombin 

aptamer. 

 

4.2 Experimental Methods 

4.2.1 Materials and Reagents  

The DNA oligonucleotides sequences (Table 4.1) were custom synthesized, labeled, and 

HPLC purified by Integrated DNA Technologies (IDT, Coralville, IA). A solution of 

Qdot
TM

 605 ITK streptavidin conjugate QDs (2.0 μM) was obtained from ThermoFisher 



 76 

(Eugene, OR). Human α-thrombin was purchased from Haematologic Technologies Inc. 

(Essex Junction, VT). Bovine serum albumin (BSA) was obtained from Sigma-Aldrich 

(Oakville, ON). Phosphate buffered saline (1X PBS) (pH 7.4) was obtained from Sigma-

Aldrich (Oakville, ON). All other reagents were of analytical grade. Nanopure H2O 

(>18MΩ), purified by an Ultrapure Milli-Q water system, was used for all experiments. 

 

Table 4.1 DNA sequences and modifications for the detection of human α-thrombin. 

DNA Name Sequence 

Comp 5 (C5) 5′- Biotin- TT C GAG A - 3′ 

Comp 6 (C6) 5′- Biotin- TT CGA GAT - 3′ 

Comp 7 (C7) 5′- Biotin- TT CGA GAT A - 3′ 

Comp 8 (C8) 5′- Biotin- TT CGA GAT AA - 3′ 

Dye Sequence (DS) 

(11 nm) 

5′- Biotin- TTT TTT TTT TTT TTT TTT TTT TTT TTT T 

ATC TCG T- Cy5- 3′ 

Long Dye Sequence  

(DS-L) (15 nm) 

5′- Biotin- iSp18- TTT TTT TTT TTT TTT TTT TTT TTT 

TTT T ATC TCG T- Cy5- 3′ 

Thrombin 29 (Th29) 5′- Biotin- TTT TTT AGT CCG TGG TAG GGC AGG 

TTG GGG TGA CT - 3′ 

Thrombin 15 (Th15) 5′- Biotin- TTT TTT GGT TGG TGT GGT TGG - 3′ 

 

4.2.2 Preparation of Aptamer Functionalized Probes  

Two aptamers that bind to human α-thrombin were used: the 29−nt aptamer (Th29) and 

the 15−nt aptamer (Th15). QD and Dye probes were prepared fresh each day. Probe 

preparation buffer contains 1X PBS with 0.1% BSA. QD probes were prepared by 

mixing equal concentrations of biotinylated Th29 with biotinylated complementary 
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sequence (C5, C6, C7, C8). This DNA mixture was added to streptavidin coated QDs so 

that they are in a 10:10:1 ratio (Th29:CX:QD), unless otherwise specified. This was 

allowed to incubate at room temperature for 30 min. To this mixture, a 10x excess biotin 

mixture was added to block unbound sites on streptavidin QDs and was left to incubate 

at room temperature for 30 min. The final prepared QD probe concentration is 50 nM 

and the volume needed for the experiments that day. 

 Dye probes were prepared by mixing equal concentrations of biotinylated Th15 

with biotinylated dye labeled sequence (DS). This DNA mixture was incubated with an 

equal concentration of streptavidin for 30 min at room temperature. To this mixture, a 

10x excess biotin mixture was added to block unbound sites on streptavidin QDs. This 

was left to incubate at room temperature for 30 min. The final prepared dye probe 

concentration is 500 nM and the volume needed for the experiments that day. 

4.2.3 Fluorescence Detection of Human α-Thrombin 

A mixture of QD probe and dye probe were prepared in 1X PBS with 0.1% BSA and 1 

mM Mg
2+

 for final detection concentrations of 1 nM QD probe and 10 nM dye probe, 

unless otherwise specified. This master mix was added to all triplicate samples and 

blank (without protein target) solutions to a final volume of 100 μL. Samples were left 

to incubate for 30 min at room temperature and then transferred to a 96-well plate for 

fluorescence detection.  

Fluorescence signal was detected with a multi-mode microplate reader (DTX 

880 Multimode Detector) with excitation at 475 nm and emission at 605 nm for QDs 

and emission at 680 nm for Cy5. FRET fold change is calculated from formula (Eq. 2-
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1), as described in section 2.2.4. Fluorescence signal of blanks also was examined at 680 

nm as it is only due to the Cy5 emission originating from energy transfer from the QD 

donor and represents background.  

4.2.4 Optimization of Assay Parameters 

Assay parameters were optimized to achieve high signal to noise ratios to improve 

detection limits. Probes were prepared fresh for each experiment according to the 

following experimental parameters being optimized: length of complementary region 

(C5, C6, C7, C8), probe ratio and concentration, probe preparation procedures, and 

probe stability. For each optimization step, human α-thrombin was detected at 2 (green 

hatched) and 5 nM (solid blue) in triplicate, unless otherwise shown. Also detected at 

each optimization were blanks (no protein target, only QD probe, only dye probe) and 

positive controls (described in section 2.2.3). 

4.2.5 Calibration Curve for Human α-Thrombin  

 Under the optimized conditions, human α-thrombin at a series of concentrations 

was detected. All samples were tested in triplicate, 9 sample blanks were tested, and 

positive control was tested in triplicate. From this data, a calibration curve was 

generated and standard deviations of the blanks were used to calculate detection limits. 

 

4.3 Results and Discussion 

4.3.1 Optimization and Proof of Concept of Initial Assay 

The first optimized parameter in the FRET BINDA assay is the length of the 

complementary region from 5−nt to 8−nt (C5, C6, C7, C8). If this complementary 
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length is too short, binding of the dye sequence and the short complementary region 

would not be stable even when both probes are bound to the protein target. 

Alternatively, if the complementary length is too long, the two probes could hybridize 

without the need for target binding, thus generating background signal. The latter has a 

larger effect on lower target concentrations; if the background is too high, lower 

concentrations may not be able to be detected. In Figure 4.2, the FRET fold change 

signal for both C5 and C6 is low. This is due to an overall low signal at 680 nm, 

meaning that even if the QD and Dye probes are both binding to thrombin; the 

complementary region is too short to form stable hybridization. In the same Figure, we 

can see that both C7 and C8 give strong FRET fold change signal for both 2 nM and 5 

nM thrombin targets. However, C8 increased the stability of hybridization without the 

presence of the thrombin target. Due to this, C7 was chosen for all subsequent 

experiments. The use of C7 ensures that the complementary regions hybridize when 

both probes are bound to the target, while the potential for target-independent 

hybridization is lowered, minimizing the background signal. 
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Figure 4.2 Optimization of the length of the complementary region (C5−8) between the 

QD probe and the dye probe. The green hatched bars were the results from the detection 

of 2 nM human α-thrombin target; the solid blue bars show results from the detection of 

5 nM human α-thrombin target. 

 

Other important parameters of this FRET-BINDA assay are the ratio and 

concentration of the dye probe and the QD probe. The QDs are functionalized with 

multiple streptavidin molecules, allowing them to be functionalized with multiple DNA 

sequences (Th29 and C7 sequences). The multiple sequences not only increase the 

probability that the probe will bind the target molecule but also increase the likelihood 

that the dye sequence will hybridize with the short complementary sequence. By having 

the dye probe in excess of the QD probe, the amount of dye acceptors to QD donors is 

increased, increasing the FRET fold change. In Figure 4.3 (A), multiple ratios of 
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Dye:QD probe were tested, and the results indicate that both 10:1 and 15:1 gave similar 

results; this equates to 10x and 15x excess dye to QD, respectively. For further 

optimization, 10:1 (Dye:QD probe) was used as the overall background signal was 

higher than for 15:1. In Figure 4.3 (B), the concentration of the dye and the QD probes 

was optimized while maintaining the 10:1 ratio. These results indicate that increasing 

the concentrations of probes gave a lower FRET fold change signal. This is due to an 

increase in the background signal. Thus, for subsequent experiments, a 10 nM dye probe 

and a 1 nM QD probe were used. 
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Figure 4.3 Optimization of probe ratio (A) and probe concentration (B). 
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4.3.2 Optimization of Probe Preparation 

The preparation of both QD and dye probes also is important for optimizing the FRET 

fold change signal. As previously stated, the commercially available QDs are 

functionalized with multiple streptavidin molecules and can be functionalized with 

multiple DNA sequences. In Figure 4.4, QD probes are optimized with varying ratios of 

Th29 aptamers and C7 short complementary sequences. The results indicate that QD 

probes functionalized with 10 Th29 aptamers and 10 C7 short complementary 

sequences showed the highest FRET fold change with the lowest background signal. 

This allows for a high probability for the probe to interact with the thrombin target and 

have up to 10 short, complementary sequences for the dye probe to hybridize. This QD 

configuration was used for all subsequent experiments. 

 

 

 

 

 

 

Figure 4.4 Optimization of QD probe preparation by varying the amount and ratio of 

Th29 aptamer and C7. 
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Streptavidin has 4 binding sites per molecule that are able to interact with biotin. 

Dye probes are prepared with biotin/streptavidin interactions and can have multiple 

configurations. Figure 4.5 (A) shows different configurations of the dye probe. All 

previous experiments had utilized a 1:1 Th15 to DS configuration but, the FRET fold 

change from this probe configuration does not appear to be the highest. The best FRET 

fold change result appears to be from the 1:2 (Th15:DS) configuration. This 

configuration allows for 2 dye acceptors (DS) for every probe that interacts with the 

thrombin target. However, this configuration had a higher background signal than the 

1:1 configuration, which could effect the eventual LOD. In Figure 4.5 (B) the length of 

the spacer region of the dye labeled sequence is optimized. The 11-nm sequence (DS) 

had been used for all previous experiments, using only a polyT spacer to achieve this 

length. If this length is insufficient and both the QD and dye probes bind to the target 

protein, the dye sequence would not be long enough to hybridize with the 

complementary sequence on the QD for FRET detection. By modifying the sequence to 

include an internal spacer, the length can be increased to 15 nm (DS-L), as shown in 

Table 5.1. From Figure 4.5 (B) it appears that both the shorter DS and the longer DS-L 

give similar results, within error. This suggests that the DS has sufficient length to allow 

hybridization with the complementary sequence to occur, and FRET detection can be 

achieved. 
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Figure 4.5 Optimization of dye probe preparation. (A) Ratio of Th15 aptamer to DS. 

(B) Length of dye sequence. 

 

The choice of using Th29 for the QD probe and Th15 for the dye probe was a 

starting point. Using the previously described optimized conditions, the assay was tested 

by exchanging the aptamers on each probe. Figure 4.6 shows that the original QD with 
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the Th29 aptamer and the Dye with the Th15 aptamer have the same results as the 

reverse of this situation. This suggests that the binding of probes to the thrombin target 

occurs in either situation. 

 

 

 

 

 

 

Figure 4.6 Optimization of a specific aptamer on a specific probe. In the case of 

QD29/Dye15, the 29−nt aptamer was conjugated onto the QD and the 15−nt aptamer 

was on the dye sequence (DS). The two aptamers were switched in the QD15/Dye29 

design. 

 

 Figure 4.7 shows the probe stability during storage at 4°C. QD and Dye probes 

were prepared on Day 1, and fresh protein samples were prepared each day for FRET 

detection. On Day 1 of preparation, the FRET fold change signal is strong, however, 

even after storage for 2 days, the signal decreased. As storage time increases, the FRET 

fold change signal decreased further. These results suggest that with storage of prepared 

probes at 4°C, the probes begin to degrade even after 2 days. To avoid probe 
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degradation, probes were prepared fresh each day for thrombin detection, according to 

the procedure described in 4.2.2. 

 

 

 

 

 

 

 

Figure 4.7 Test of probe stability with storage at 4°C. The probes stored for 1-21 days 

were used for the detection of freshly prepared 5 nM thrombin. 

 

4.3.3 Optimization of Assay with 2 Dye Sequences per Th15 Aptamer on Probe 

For all the above optimization experiments, a ratio of 1 DS to 1 Th15 sequence was 

used. From Figure 4.5 (A) it appears that this dye probe configuration may not give the 

best FRET fold change for thrombin detection. Figure 4.8 shows the re-optimization of 

the assay, but with a ratio of 2 DS per 1 Th15 sequence. Figure 4.8 (A) shows the 

optimization of the QD probe preparation by varying the amounts of Th29 aptamer and 

C7 sequence functionalized to the particle. From these results, it is clear that 10 Th29 

sequences and 10 C7 sequences gave the best FRET fold change and proportional signal 
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between the two concentrations tested. Figure 4.8 (B) shows the optimization of the 

probe ratio by varying the ratio of dye probe to QD probe. By maintaining the QD probe 

at 1 nM, the dye probe ratio at 5x and 10x excess showed the highest FRET fold change. 

By utilizing the 10:1 dye probe to QD probe ratio, the overall concentration of thrombin 

aptamers between probes was consistent, allowing for equal binding of probes to the 

same protein target. In Figure 4.8 (C), the concentration of probes was optimized while 

maintaining a 10:1 dye probe to QD probe ratio. These results indicate that increasing 

the concentrations of probes gave lower FRET fold change signal due to an increase in 

the background signal. Thus, for subsequent experiments, a 10 nM Dye probe and a 1 

nM QD probe were used.  

 Overall, the re-optimization of assay parameters with the 2 DS per Th15 aptamer 

dye probe configuration yielded the same optimized conditions as with the 1 DS per 

Th15 aptamer. The overall FRET fold change signal was slightly higher than that for 1 

DS, which is due to the extra DS brought into close proximity to QD donors. This, 

however, also resulted in a higher background signal at 680 nm, which is an important 

parameter in the calculation of FRET fold change. For higher sample concentrations, 

this has minimal effect, but for low concentrations, the background signal could limit 

the assay. 
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Figure 4.8 Optimization of the assay with 2 DS per Th15 aptamer sequence. (A) 

Optimization of the QD probe preparation by varying the amount and ratio of Th29 

aptamer and 7 nucleotide long complementary sequence. (B) Optimization of the probe, 

while maintaining the QD probe at 1 nM. (C) Optimization of the probe concentration. 
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4.3.4 Calibration Curves for the Detection of Human α-Thrombin 

With all optimized conditions, calibration curves were constructed for both the 1:1 (blue 

diamond) and 2:1 (orange square) (DS:Th15) dye probe configuration (Figure 4.9). For 

both cases, the data was linear from 0.1−5.0 nM human α-thrombin. The 1:2 

configuration has a slightly larger slope, but as the intercept is higher, LOD is higher. 

This is due to a higher background. The 1:1 configuration has a slightly smaller slope, 

but the intercept is lower with less error, resulting in a lower detection limit. From this 

data, the LOD is 67 pM for the 1:1 configuration and 233 pM for the 2:1 configuration. 

 

Figure 4.9 Calibration curves for the detection of human α-thrombin for both 1 dye 

sequence (blue diamonds) and 2 dye sequences (orange squares) per dye probe. 
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 As previously stated, the biologically relevant concentration of α-thrombin can 

range from pM to μM.
158,159

 This developed assay does not have such a large linear 

range. However, the probe concentrations are low (1 nM QD probe and 10 nM dye 

probe). By tuning these probe concentrations, the linear range of the assay could be 

adjusted for relevant protein levels.  

 There have been other examples of thrombin detection using a single molecular 

aptamer beacon (MAB). Hamaguchi et al.
46

 developed a molecular aptamer beacon 

technique involving conformational changes in the aptamer upon protein recognition. 

This conformation change increased the distance between a fluorophore and quencher, 

increasing the fluorescence signal. Li et al.
48

 used a similar process of conformational 

change of an aptamer beacon to increase the proximity of a fluorophore and quencher, 

creating a “turn off” assay with a detection limit of 112 pM. Another group used this 

MAB conformational change upon protein binding with rt-PCR detection by including 

PCR primers and the appropriate enzymes.
163

 This work was able to detect thrombin in 

cell lysate, but with a detection limit around 0.8 nM.  

Heyduk et al.
164

 utilized a FRET detection scheme with 2 thrombin aptamers, 

both functionalized with compatable dyes. Upon both binding to the protein target, the 

dyes are brought into close proximity and detected with a limit of 50 pM in buffer and 

low nanomolar concentrations in the cell extract. This reported assay is similar to the 

developed FRET-BINDA assay, which utilizes QDs as a nanomaterial scaffold and 

reporter. As the QDs are functionalized with multiple Th29 aptamers and 

complementary sequences, an opportunity exists for the detection of multiple targets 

with one probe, resulting in higher signals. 
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4.4 Conclusions 

A sensitive and specific assay based on binding induced DNA assembly with FRET 

detection for thrombin has been developed. This BINDA-FRET assay is simple to 

perform, homogenous, rapid, with mixing and detection carried out at room temperature. 

The novel use of an aptamer functionalized QD donor and an aptamer functionalized 

dye acceptor allows for sensitive FRET detection with BINDA specificity to achieve 

low pM detection limits without the need for an amplification step. This assay can be 

amended easily for other targets (proteins, DNA, or RNA) by simply changing the 

affinity ligands and optimizing conditions, as described in this Chapter.  
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Chapter 5: Sequential Strand Displacement Beacon for 

Detection of DNA Coverage on Functionalized Gold 

Nanoparticles
1
 

5.1 Introduction 

Characterization of surface coverage of DNA functionalized AuNPs is critical for using 

AuNPs in therapeutic settings for diagnostics, imaging, and drug delivery.
105,106

 The 

current conventional method uses a fluorescence turn-on assay to measure the density of 

fluorescently labeled DNA functionalized to AuNPs, but this method cannot measure 

unlabeled DNA.
165,166

 If the AuNP is multi-functionalized, each different DNA sequence 

must be labeled with a different dye, which increases the cost. When multiple dyes are 

used, it is also important to note that overlap of emission spectra is an increased 

concern; this limits the choice of dyes. Other methods include DNA intercalating dye 

(e.g., OliGreen for ssDNA)
167

 and real-time PCR.
168

 However, these methods lack the 

specificity to distinguish different DNA sequences co-functionalized to the same AuNP.  

The objective of this chapter is to develop a simple, low-cost, label-free method 

for the characterization of AuNPs functionalized with multiple DNA oligonucleotides. 

Figure 5.1 shows the schematic of how characterization occurs. Sequences are released 

from the AuNP (D1 and D2) and mixed with DNA probes (D1’I1 or D2’I2 and I1’O or 

I2’O) and the universal translator (FQ) to produce a fluorescence signal through strand 

                                                 
1
 This chapter has been published as Paliwoda, R.E.; Li, F.; Reid, M.S.; Lin, Y.; Le, 

X.C. Sequential Strand Displacement Beacon for Detection of DNA Coverage on 

Functionalized Gold Nanoparticles. Anal. Chem. 2014, 86(12), 6138-6143.
183

 Reprinted 

and adapted with permission. Copyright 2014 American Chemical Society. 
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displacement reactions. Without the initial DNA released from the AuNP (D1 or D2), 

these reactions cannot occur.  

 

 

 

 

Figure 5.1. Schematic illustrating the use of sequential DNA strand displacement 

reactions and displacement beacon to quantify multiple DNA oligonucleotides on the 

same AuNP. 

 

 

5.2 Experimental Methods 

5.2.1 Materials and Reagents  

The solution of gold nanoparticles (AuNPs) (20 nm in diameter, 7.0 × 10
11

) was 

purchased from Ted Pella (Redding, CA). Tris−HCl buffer (1 M, pH 7.4), NaCl, 100x 

Tris EDTA buffer (1.0 M Tris−HCl, 0.1 M EDTA, pH 8), and 2-mercaptoethanol (ME) 
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were purchased from Sigma-Aldrich (Oakville, ON, Canada). Tween20 and MgCl2 were 

purchased from Fisher Scientific (Nepean, ON, Canada). OliGreen ssDNA binding dye 

was purchased from Life Technologies (Burlington, ON, Canada). All DNA (Table 5.1) 

were synthesized and purified by Integrated DNA Technologies Inc. (Coralville, IA). 

Nanopure H2O (>18.0 MΩ), purified using an Ultrapure Milli-Q water system, was used 

for all experiments. 
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Table 5.1 DNA sequences and modifications for sequential strand displacement.  

DNA Name Sequence 

DNA-1 (D1) 5′ - SH -TTT TTT TTT GAG TCT TCC AGT GTG ATG ATG GTG A - 

3′ 

D
1
′ 5′ - T CAC CAT CAT CAC ACT GGA AGA CTC - 3′ 

I
1
 5′ - C AGT GTG ATG ATG GTG ACG TAA TCA GGC TAC ACT CAG 

ACC TTG - 3′ 

I
1
′ 5′ - CAA GGT CTG AGT GTA GCC TGA TTA CGT CAC CAT C - 3′ 

O 5′ - CG TAA TCA GGC TAC ACT CAG ACC TTG CGA TAG CAG 

TAC ATT CCG AT - 3′ 

F 5′ - FAM - AT CGG AAT GTA CTG CTA TCG CAA GGT CT - 3′ 

Q 5′ - CGA TAG CAG TAC ATT CCG AT – IowaBlack - 3′ 

D
1
-FAM 5′ - TTT TTT TTT GAG TCT TCC AGT GTG ATG ATG GTG A – 

FAM - 3′ 

D
1
-TAMRA 5′ - TTT TTT TTT GAG TCT TCC AGT GTG ATG ATG GTG A – 

TAMRA - 3′ 

DNA-2 (D2) 5′ - SH-TTT TTT TTT ATC GAC ATC ACC TAC GAT CTA TCA A - 3′ 

D
2
′ 5′ - T TGA TAG ATC GTA GGT GAT GTC GAT - 3′ 

I
2
 5′ - C ACC TAC GAT CTA TCA ACG TAA TCA GGC TAC ACT CAG 

ACC TTG - 3′ 

I
2
′ 5′ - CAA GGT CTG AGT GTA GCC TGA TTA CGT TGA TAG C - 3′ 
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5.2.2 Preparation of DNA Functionalized Gold Nanoparticle  

Thiolated DNA oligonucleotides (Table 5.1) were used in the preparation of 

DNA−AuNPs. These DNA oligonucleotides were diluted to 5 µM in 200 µL with 

Tris−HCl buffer. This solution was mixed with 1 mL of AuNPs (1 nM) and left to 

incubate in the dark overnight. To this mixture, 50 µL of 3 M NaCl was added slowly, 

followed by 15 sec of sonication. This process was repeated 3 times with 30 min 

intervals to a final salt concentration of 300mM. After incubation overnight in the dark, 

the solution of DNA-AuNPs was centrifuged at 13,000 rpm for 30 min to separate 

DNA−AuNPs from the unreacted reagents. Then, the DNA−AuNPs were washed twice 

with 10 mM Tris−HCl (pH 7.4) and finally redispersed in 200 µL 20 mM Tris−HCl. 

Functionalized AuNPs were stored at 4°C in the dark until used. 

 

5.2.3 Preparation of DNA Probes for Strand Displacement Beacon FQ and 

Sequential Strand Displacement Reactions  

The DNA probe (D1’I1 as an example) was prepared for sequential strand displacement 

reaction by mixing 100 µL 5 µM D1’ and 100 µL 5 µM intermediate strands I1 in 

TE−Mg buffer. The mixture was heated to 90°C for 5 min, and then the solution was 

allowed to cool down slowly to 25°C for 2 h. Similarly, the displacement beacon FQ 

was prepared by mixing 100 µL of 5 µM DNA probe F and 100 µL of 10 µM probe Q. 

The mixture was heated to 90°C for 5 min, and then the solution was allowed to cool 

down slowly to 25°C for 2 h. 
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5.2.4 Measuring DNA Density on AuNPs Using Sequential DNA Strand 

Displacement Reactions 

DNA oligonucleotides were released first from the AuNPs by adding 80 µL of freshly 

prepared 50 mM ME into 20 µL of the DNA-AuNP solution, and this mixture was 

incubated in the dark at room temperature for 3 h.  A solution containing DNA strand 

displacement probes and a displacement beacon was added to the mixture to a final 

concentration of 50 nM each. An aliquot of this mixture (90 µL) was added to a 96-well 

microplate, and fluorescence was measured using a multimode microplate reader with 

an excitation/emission wavelength of 485 nm/535 nm for FAM labelled DNA and 

excitation/emission wavelength of 535 nm/595 nm for TAMRA labelled DNA. All 

DNA−AuNPs were prepared in duplicate under identical conditions, and each 

DNA−AuNP solution was analyzed in triplicate. Therefore, each DNA density value 

was obtained from an average of 6 measurements. For calibration, external DNA 

standards (identical DNA oligonucleotides but not conjugated to AuNP) with varying 

concentrations were treated and measured under the same conditions as for DNA−AuNP 

samples.  

 

5.2.5 Measuring DNA Density on AuNPs Using Fluorescence Turn-On Assay  

Similar to the sequential strand displacement assay, FAM-labelled or TAMRA-labelled 

DNA oligonucleotides were released first from DNA−AuNPs by adding 80 µL of 

freshly prepared 50 mM ME into 20 µL of the DNA−AuNP solutions. After incubating 

in the dark for 3 h, fluorescence measurements were performed using a multimode 

microplate reader, as described above. For calibration, FAM-labelled or TAMRA-
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labelled DNA oligonucleotides with varying concentrations were used as external 

standards and were measured in the same way as the DNA−AuNPs. 

 

5.2.6 Measuring DNA Density on AuNPs Using OliGreen Assay  

Similar to the sequential strand displacement assay, unlabelled DNA oligonucleotides 

were released first from 20 µL DNA−AuNPs with 80 µL of freshly prepared 50 mM 

ME. Standard DNA oligonucleotides with varying concentrations were treated the same 

way as the DNA−AuNPs. OliGreen dye was prepared as specified by the manufacturer 

and added to DNA solutions. After 5 min, 100 µL of each mixture was transferred into a 

96-well microplate. Fluorescence was measured using the multimode microplate reader 

with an excitation/emission wavelength of 485 nm/535 nm for Oligreen dyes. 

Intercalation of the Oligreen dye into the targeted DNA oligonucleotides gave rise to 

fluorescence.  

 

5.3 Results and Discussion 

5.3.1 Feasibility of Sequential Strand Displacement  

A specific target DNA D1, output DNA O, and strand displacement beacon FQ that can 

only be specifically turned on by O was designed first to examine the feasibility of the 

sequential strand displacement strategy. Based on the DNA sequences of D1 and O 

(Table 5.1), a pair of DNA probes (D1’I1 and I1’O) was designed next. I1 consists of two 

pre-designed sequences: a 17-n.t. region (blue color in Table 5.1) that is identical to a 
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portion of the target DNA D1 and a 26-n.t. sequence (green) that is identical to a portion 

of the output DNA O (Figure 5.2 and Table 5.1).  

 

 

 

 

 

 

 

Figure 5.2 Schematic illustrating the sequential DNA strand displacement reactions and 

strand displacement beacon (FQ) to quantify DNA-1 (D1) in PBS buffer.  

 

Figure 5.3 shows the overall kinetic profile of the sequential DNA strand 

displacement reactions from D1 (target) to FO (signal read-out). A continuous increase 

in fluorescence signal (blue curve) is observed over the course of 120 min after the 

addition of 50 nM of DNA-1 (D1) to an incubation solution containing D1’I1, I1’O, and 

FQ. Only background fluorescence is observed from the negative control that contains 

all the reagents (D1’I1, I1’O, and FQ) but no target DNA (D1) (red curve).  These results 

suggest that our strand displacement beacon can respond quickly to the target DNA. 

There is no apparent increase in background fluorescence generated over 2 h after 

premixing all the probes and reagents.  
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Figure 5.3 Kinetics of sequential DNA strand displacement reactions observed from 

monitoring the specific DNA-1 (50 nM) and reagent blank.  

 

Calibrations between the fluorescence intensities and concentrations of D1 

(Figure 5.4) are linear within the concentration range from 0 nM to 30 nM, at both 30 

min (R
2
 = 0.9967) and 60 min (R

2
 = 0.9966).  
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Figure 5.4 Fluorescence intensity from the displacement beacon analysis as a function 

of concentrations of DNA-1 (D1) in solution after 30 and 60 min incubation.  

 

To test the specificity of the approach, probes that are specifically designed for the 

target DNA-1 (D1) were used to detect the target DNA (D1) and a non-specific DNA 

were used. Figure 5.5 shows that the assay gives a concentration-dependent fluorescence 

response from the target DNA (blue circles) and that there is no fluorescence increase 

from the analysis of the non-specific DNA (red squares). The results suggest that the 

sequential strand displacement assay is able to quantify specific DNA sequences without 

interference from other DNA that may be present in the same sample. 
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Figure 5.5 Specificity test of the sequential strand displacement assay, showing the 

concentration dependence for the specific DNA-1 and a negligible background from a 

non-specific DNA (DNA-2). 

 

5.3.2 Quantification of DNA Conjugated to AuNPs 

The surface density of a DNA sequence conjugated to AuNPs was quantified to 

demonstrate an application of this technique. D1 was conjugated to AuNPs through 

sulfur−gold bonds according to a previously reported method.
58 

The concentration
 
of D1 

and AuNPs used in the reaction was in a ratio of 1000 to 1. D1 was released from 

AuNPs by adding 50 mM ME, and the DNA concentration in this solution was 
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determined using the sequential strand displacement assay. A mixture of beacon probes 

(D1’I1, I1’O, and FQ) was added to the solution and incubated for 60 min in the dark. In 

parallel, unconjugated D1 served as an external standard for calibration (Figure 5.6). The 

amount of specific DNA (D1) released from the gold nanoparticle (D1-AuNPs) was able 

to be quantified.  

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Standard curve of unconjugated D1 to quantify DNA released from AuNP 

using strand displacement reaction. 

 

Under the given conditions of DNA conjugation to the AuNPs, we measured the 

density of the DNA on AuNPs to be 201 ± 11 oligonucleotides per AuNP (Figure 5.6). 

A previously reported OliGreen assay
167

 (Figure 5.7) was used to measure the density of 

DNA on AuNPs, and a value of 207 ± 22 oligonucleotides per AuNP was obtained. The 
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good agreement between the values obtained with the sequential strand displacement 

assay and the OliGreen assay supports the accuracy of the assay.  

 

 

 

 

 

 

 

 

 

Figure 5.7 Standard curve using OliGreen assay to determine DNA released from 

AuNP. 

 

The sequential strand displacement assay was applied further to the detection of 

different DNA densities on AuNPs. A series of DNA−AuNPs was prepared with 

different densities by co-conjugating DNA-1 and a short polyT DNA oligonucleotide 

(spacer oligo). The overall number of DNA oligonucleotides on each AuNP was kept 

constant. By tuning the ratio between DNA-1 and the spacer oligo (from 1000:0, 

750:250, 500:500, 250:750, and 0: 1000) at the conjugation step, different densities of 

DNA-1 on the AuNP were achieved. As shown in Figure 5.8, the measured densities of 
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DNA-1 on AuNP decreased as the amount of DNA-1 was reduced at the conjugation 

step. The results demonstrate that the assay is able to quantify a range of DNA densities 

on AuNPs. The measurement background is negligible when no DNA-1 is added during 

the conjugation step. This is consistent with the excellent specificity of the assay. 

 

 

 

 

 

 

 

 

 

 

Figure 5.8 Quantifying DNA densities of control functionalized AuNPs using strand 

displacement reactions. 

 

DNA used for feasibility testing was ordered from IDT as HPLC purified 

products. This procedure increases the cost of the DNA compared to standard desalted 

samples. Figure 5.9 compares DNA densities determined using the developed sequential 

strand displacement assay method of HPLC purified DNA and standard desalted DNA. 

DNA sequences with modifications (thiolated, with FAM, or with quencher) were 
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HPLC purified in order for the assay to have optimal results. From Figure 5.9, it is clear 

that the standard desalting was sufficient for the purification of unmodified sequences as 

the determined densities are comparable (222 ± 8 for HPLC purified and 236 ± 24 for 

standard desalting).  

 

 

 

 

 

 

 

 

 

 

Figure 5.9 Comparison of HPLC purification and standard desalting of DNA for the 

determination of DNA density on AuNP using sequential strand displacement assay. 

 

5.3.3 Quantification of DNA Density on Multifunctionalized AuNP 

Unlike other existing methods that require labeling multiple DNA oligonucleotides with 

different fluorescent dyes, our technique has the ability to quantify multiple unlabelled 

DNA oligonucleotides co-conjugated on the same AuNP. As an example, the detection 

of two DNA sequences (D1 and D2) co-conjugated to the same AuNPs is shown (Table 
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5.1). The density of D1 and D2 was measured in parallel by applying specific DNA 

probes: D1’I1 andI1’O for detection of D1 and D2’I2 and I2’O for detection of D2. The 

measured values are 93 ± 6 DNA sequence D1 per AuNP and 117 ± 4 DNA sequence D2 

per AuNP (Table 5.2). D1 and D2 were conjugated separately to different AuNPs, and 

the densities of each sequence on AuNPs were determined. The total amount of DNA 

was kept constant for the different conjugation experiments. The measured DNA density 

values, 222 ± 8 and 233 ±12, are consistent with the sum of D1 and D2 co-conjugated on 

the same AuNP (210 ± 10) (Table 5.2). The results further confirm that the sequential 

strand displacement assay has the ability to quantify multiple DNA oligonucleotides 

from AuNPs. 

 

Table 5.2 DNA densities on multi-functionalized D1-D2-AuNP and mono-

functionalized D1-AuNP and D2-AuNP.  

Density (#/AuNP) D1-D2-AuNP D1-AuNP D2-AuNP 

D1 (DNA-1) 93 ± 6 222 ± 8 0 

D2 (DNA-2) 117 ± 4 0 233 ± 12 

Total  210 ± 10 222 ± 8 233 ± 12 

 

5.3.4 Comparison of Developed Method with Conventional Fluorescent Labelled 

Techniques 

Having established the method to determine unlabelled DNA oligonucleotides on 

AuNPs, we assessed the ability of the fluorescent labelling used in the conventional 

method to observe the influence of DNA density on AuNPs. FAM and 

tetramethylrhodamine (TAMRA) were tested, as they are the two most widely used 



 109 

fluorescence labels for measuring DNA oligonucleotides by fluorescence turn-on assays. 

The results are summarized in Table 5.3. The density of D1-AuNP was measured by the 

sequential strand displacement assay and the density of FAM-D1-AuNP was measured 

by the fluorescence turn-on assay. The density of TAMRA-D1-AuNP was measured by 

both the fluorescence turn-on assay and the sequential strand displacement assay. When 

the DNA is labelled with FAM, the density measured (226 ± 10) using a fluorescence 

turn-on assay is comparable to the density of the unlabelled DNA (222 ± 8) measured 

using the sequential strand displacement assay. However, when the DNA is labelled 

with TAMRA the density of this DNA conjugated on AuNPs is 153 ± 5, a decrease of 

more than 30% from the unlabeled DNA (222 ± 8). The values obtained from the 

sequential strand displacement assay (147 ± 2) and from the fluorescence turn-on assay 

(153 ± 5) are consistent. These results confirm that the TAMRA labelling of DNA 

decreases the number of the DNA molecules being conjugated on the surface of AuNPs. 

This observation is consistent with previous reports that TAMRA has a strong 

interaction with the surface of AuNPs.
169

 Thus, TAMRA labelling may alter the 

interaction between DNA and AuNPs, leading to a decrease in the surface coverage of 

DNA. 
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Table 5.3 DNA densities on various DNA-AuNP conjugates:  D1-AuNP, FAM-D1-

AuNP, and TAMRA-D1-AuNP.  

Density (#DNA/AuNP) Strand displacement assay Fluorescence turn-on assay 

D1 (DNA-1) 222 ± 8 N.A. 

FAM-D1 N.A. 226 ± 10 

TAMRA-D1 147 ± 2 153 ± 5 

 

 

5.4 Conclusions  

In summary, a simple, low-cost sequential strand displacement assay that is able to 

measure the average number of DNA molecules on each AuNP directly has been 

developed successfully. The sequential strand displacement assay does not require 

fluorescent labeling of the target DNA, thereby eliminating the effect of fluorescent 

dyes on the surface coverage of DNA. Particularly, multiple DNA oligonucleotides that 

are co-conjugated on the same AuNP can be quantified specifically through unique 

DNA strand displacement reactions and a universal displacement beacon. Furthermore, 

the developed method has a subnanomolar detection limit. This is comparable to that 

obtained by most fluorescence-based assays, such as the conventional fluorescence turn-

on assay (OliGreen assay). Another benefit is that the strand displacement probes do not 

need to be purified with HPLC; a simple desalting procedure is sufficient, eliminating 

the HPLC purification step and reducing the reagent costs. The universal strand 

displacement strategy is not limited to DNA−AuNPs but can be expanded to other DNA 

hybrid materials, allowing for better characterizations and applications. 
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Chapter 6: Overall Conclusions and Future Work 

 

I have developed assays for the specific detection of DNA, microRNA, and proteins that 

utilize DNA nanostructures. This work explores the use of nanomaterials as both a tool 

for detection and as scaffolding in the construction of DNA nanostructures. Specifically, 

Chapters 2 and 3 utilize QDs as a FRET donor after the formation of a 3WJ for the 

detection of both DNA and microRNA. Chapter 4 also uses QDs as a FRET donor, but 

using BINDA, for the detection of a protein target. Chapter 5 utilizes toehold−mediated 

strand displacement for the characterization of DNA functionalized AuNPs.  

 In Chapter 2, I focused on the development of a target−responsive 3WJ with 

FRET detection. In this Chapter, the assay was optimized with a DNA target to 

understand important assay parameters. I found that the assay was able to detect a target 

DNA sequence with high specificity and pM detection limits. This assay also was used 

for the detection of SNPs.  By designing the probes to have common mismatches in the 

middle of the hybridization region, I was able to detect SNPs with very high 

discrimination factor (DF). The strength of this assay lies in the ability to design the 

3WJ probes specifically for the desired target. This assay uses the novel approach of 

QDs both as a scaffold for construction of a 3WJ probe and as a FRET donor when the 

3WJ is formed. Without the presence of the target, the 3WJ cannot form and FRET 

detection cannot occur, resulting in little background signal. 

 In Chapter 3, I extended the assay principle from Chapter 2 to the detection of 

microRNA detection. microRNA detection has unique challenges compared to DNA 
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detection, including weakened DNA/RNA hybridization, short microRNA length, and 

RNA stability due to the RNAse activity and contamination. Through re-optimization of 

important assay parameters, I was able to detect pM levels of a microRNA target 

specifically. This novel use of QD for FRET detection of microRNA with a 3WJ was 

rapid and sensitive to the desired target compared to a non-specific target. In comparison 

to other non-amplification detection methods, this 3WJ FRET strategy is 

comparable.
147,148

  

 In Chapter 4, I described the use of the same QD/Cy5 FRET detection method 

used in Chapters 2 and 3, but for the detection of a protein target. Using two different 

affinity ligands for affinity probes, a single target was able to be detected specifically 

with low pM limits. This developed assay utilizes the highly sensitive BINDA technique 

combined in a novel way with QD FRET detection. Without the binding of both affinity 

probes to the same target protein, FRET detection cannot occur, resulting in a minimal 

background signal. This developed assay can be applied to other targets with multiple 

affinity ligands, such as platelet-derived growth factor (PDGF), which plays an 

important role in regulating cell growth and division and is commonly misregualted in 

various cancers.
170,171

 

 In Chapter 5, I developed an assay to characterize surface coverage of unlabeled 

DNA functionalized AuNPs through a series of toehold−mediated strand displacement 

reactions. This assay was able to characterize mono- and di- functionalized AuNPs but 

can easily be amendable to a multifunctionalized AuNP by simply changing strand 

displacement probes. The achieved sub nanomolar detection limits are relevant for 

functionalized AuNPs used in assays such as for drug delivery or biomolecule 
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detection.
172–175

 This developed assay was able to confirm previous findings that 

TAMRA has a strong interaction with the surface of AuNPs, and should not be used as a 

labeling dye for oligonucleotides in the presence of AuNPs.
169

 

 Detection of biomolecules is important for many aspects of disease diagnosis 

and prognosis. Testing methods, notably those in resource limited settings, are aimed 

towards achieving point of care (POC) detection. POC assays have many goals, 

particularly diagnostic testing of non-invasive samples at the time and place of patient 

care. POC assays aimed to meet ASSURED criteria are:
176

 

 -Affordable 

 -Sensitive with few false negatives 

 -Specific with few false positives 

 -User-friendly with simple to perform actions 

 -Rapid and Robust 

 -Equipment free 

-Deliverable to those in need 

These criteria aim to provide detection of disease biomarkers but, also importantly, to 

reduce emergency room wait times, reduce outpatient visits, and ensure optimal use of 

trained professionals’ time. My developed FRET assays are affordable, sensitive to low 

levels of target, specific for desired target, user-friendly with no separation steps 

required, and rapid with under 30-min detection times. To achieve ASSURED criteria, 
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the developed assays would require a longer shelf life, which could potentially be 

achieved, as DNA is very stable; however, work would need to be done to ensure that 

the functionalization to QDs is stable. The only equipment required for detection is a 

fluorescence reader, which is relatively inexpensive. The developed assay could be 

considered deliverable with a handheld fluorescence reader.
177,178

 The robustness of the 

assay has yet to be tested with real−world samples. 

 The use of aptamers and nanotechnology as part of POC testing have established 

a new focus in diagnostics and biosensing.
179,180

 Aptamers have incurred increasingly 

great interest for diagnostics and therapeutics due to their ease of functionalization with 

nanomaterials and fluorophores, little synthesis variation, high stability, and high 

specificity.
181

 Combining aptamers, DNA nanostructures, and nanomaterials shows 

promise in improving the sensitivity of detection systems with simple readout. 

Specifically, the developed assays do not require amplification for sensitive detection, 

allowing for very little technical training and hands on work and short analysis time with 

homogeneous detection in a simple fluorescence plate reader. Also, by combining DNA 

nanostructure and nanomaterials for diagnostics and biosensing, the characterization of 

nanomaterials is important to obtain quantitative results. 

 For all experiments FRET Fold Change (Eq. 2-1) values were reported. This 

expression was used because the absolute measured emission from dye was very low 

when compared to the emission from the QD donor. Using Eq. 2-1 takes into account 

the signal of the dye acceptor and QD donor, as well as measurements for blank signals. 

This is not the traditional way to express a FRET ratio. Conventionally, the FRET Ratio 

is calculated by: 
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   𝐹𝑅𝐸𝑇 𝑅𝑎𝑡𝑖𝑜 =  
𝐼𝐴 − 𝐼𝐴

∗

𝐼𝐷
        (Eq. 6-1) 

where IA is emission intensity of the acceptor (A) in the presence of target and donor 

(D), IA
*
 is the intensity of the acceptor in the absence of the donor but excited at the 

donor excitation wavelength, and ID is the emission intensity of the donor upon 

excitation.
182

 This formula does not take into account any potential target non-specific 

interactions between donor and acceptors on the QD and Dye probes, which is 

determined with measurement of a blank.  

 Equation 6-1 can be amended to account for signal from non-specific 

interactions with blank measurements to the formula below: 

                      𝑆/𝐵 𝑅𝑎𝑡𝑖𝑜 =  
(𝐼680 − 𝐼680∗) / 𝐼𝐷

(𝐵680− 𝐼680∗) / 𝐼𝐷𝐵
             (Eq. 6-2) 

where I680 is emission intensity of the acceptor in the presence of target and donor, I680
*
 

is the intensity of the acceptor in the absence of the donor but excited at the donor 

excitation wavelength, B680 is the emission of the acceptor in the presence of the donor 

but with no target, ID is the emission intensity of the donor upon excitation in the 

presence of target, and IDB is the emission intensity of the donor upon excitation in the 

absence of target.  This equation takes into account signal due to FRET in the presence 

of a target and the FRET signal due to target non-specific interactions in a blank sample. 

 Below is a summary of raw values used to make Figure 2.3, reported as mean ± 

standard deviation (Table 6.1). These values can be used to calculate FRET Fold 

Change (Eq. 2-1), FRET Ratio (Eq. 6-1), and S/B Ratio (Eq. 6-3).  
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Table 6.1 Emission values measured for the detection of 5 nM Target DNA used to 

make Figure 2.3. Values are reported as mean ± standard deviation. NC (IA
*
) is the same 

value for all c/c* lengths. 

 Sample Blank Control 

Length of 

Region c/c* 

S680 

(IA) 

S605 

(ID) 

B680 

(IA) 

B605 

(IDB) 

NC 

(IA
*
) 

5 nt 7574 ± 429
 

440836 ± 

19188 

1757 ± 71 489209 ± 

8194 

824 ± 82 

6 nt 6413 ± 285 454548 ± 

17231 

1751 ± 93 484351 ± 

3707 

 

7 nt 8463 ± 74 488532 ± 

9992 

2929 ± 237 488940 ± 

27945 

 

      

From this raw data, it is clear that the measured emission intensities of the QD donors 

are 2 orders of magnitude larger than emission from the dye acceptors. If these values 

were used in Eq. 6-1, calculated FRET Ratios would be much smaller than those 

calculated by Eq. 2-1 or 6-2. Equation 2-1 takes into account emission from both the dye 

acceptor and QD donor in both the presence and absence of a target. This equation does, 

however, inherently subtract 1 from overall ratios and this should be considered when 

interpreting results. 

 From the success of protein detection, the developed BINDA-FRET assay could 

be applied further to another protein target to show assay application, such as in serum. 

Using the 3WJ FRET, detection of DNA can be performed also in serum to show assay 

applicability, with further optimization of microRNA detection for serum or testing in 

cells. Alternate microRNA sequences also could be assessed to show that the developed 

assay can be used to detect any target. Detection of biomolecule targets in real samples 
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requires consideration of many factors, including matrix effects, low target 

concentrations, and the presence of interfering molecules for targeting and sensing. 

These considerations highlight the balance that needs to be achieved in a clinical setting 

between sensitivity and specificity to distinguish between false negatives and false 

positives. High sensitivity assays have the ability to confirm samples without the 

biomolecule, while assays with high specificity confirm the presence of the target 

biomolecule. With a balance between these parameters, an assay can be extended from a 

qualitative to quantitative result for better prognosis.  
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