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ABSTRACT 

 

Detection of biomarkers using DNA biosensors in a fluorescent platform to improve current 

one-step point-of-care methodologies 

by 

Hannah Marie Kallewaard-Lum 

 

Current methodologies for patient diagnosis require the use of skilled workers, 

expensive reagents, instrumentation, and most importantly, time. As these methodologies 

encourage inconsequential follow-up between patients and their doctors, new methods must 

be developed. These methods should follow the World Health Organization (WHO) 

ASSURED guidelines (Accessible to those in need, Sensitive to the clinical range of the 

target of interest, Specific to the target of interest with no false positives or negatives, User-

friendly, Rapid, under one hour for results, Equipment free, and Delivered to those in need) 

to create point of care technologies available for all. To this end, my studies focus on the 

development of convenient calibration methods for use with fluorescent, aptamer-based 

biosensors (aptamer beacons). Specifically, I describe here the creation, characterization, 

and application of a one-tube method for the calibration of aptamer beacons using sensors 

for the detection of DNA, silver ions, and thrombin as my test bed. 

A significant hurdle in the point of care testing of biomarkers in complex solutions is 

that there is sample variation, requiring large volumes of the target of interest and complex 

and cumbersome calibration. In response, I have created a simple, three-step, one-tube 

method for the calibration of aptamer beacons supporting the direct quantification of 
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specific target molecules within complex sample matrices. Specifically, I have shown that 

the sequential addition of two inexpensive and stable oligonucleotide-based reagents allows 

for the determination of the absolute minimum and maximum fluorescence produced by the 

sensor in each solution, providing the information to calibrate in the face of sample-to-

sample variations in a simple, single-tube format. Using these three measurements together 

with the pre-determined disassociation constant of the aptamer, I demonstrate the single-

tube calibrated quantification of multiple targets directly in complex samples.  
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Chapter 1. Introduction 

1.1 Molecular Diagnostics  

The molecular markers associated with infectious diseases,1,2 oncology,3 

pharmacogenomics,4 genetic disease screening,5 antigen typing,6 and blood biomarkers7,8 

spurred the world of molecular diagnostics. This type of testing determines any changes 

from a normal sequence in a specific space of deoxyribonucleic acid (DNA) or ribonucleic 

acid (RNA) sequences,9 the concentration of some protein or small molecule biomarker, and 

the detection and quantification of specific pathogens.10  

Current molecular diagnostic testing technology requires multiple steps and 

transfers, but most importantly, it often takes days until the patient is diagnosed.11 Only after 

a patient enters the doctor’s office can the doctor decide to order a blood test since patients 

cannot order their own testing. The patient then must travel to a phlebotomist, sometimes in 

the same facility or possibly in another location. Once there, the process of drawing the 

patient’s blood is performed, which can be difficult for a person who is dehydrated, cold, 

undernourished, or simply has small veins. Upon collection, the blood sample, it is then 

labeled and transported to the central laboratory for testing.  

Central laboratories are specialized facilities that receive samples from local 

collection centers and perform a range of complex testing protocols. This testing requires 

skilled workers who have been educated in techniques and troubleshooting of expensive and 

specific equipment and reagents. A knowledgeable staff runs the equipment and interprets 

results. This “overhead” costs large sums of money, which is why modern molecular testing 

uses the central laboratory framework rather than using smaller testing sites located close to 

or at the point of care e.g. hospital, doctors offices, operating areas, etc. 
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An additional factor for the centralized facilities approach to molecular diagnostics is 

the complexity of current testing approaches. Once a sample arrives at the central laboratory, 

it queues for the many steps it must undergo to complete testing. Frequently samples are 

batch tested;12 meaning many samples destined for the same type of testing must be 

collected before the test is run. Although this saves the company money, it costs the patient 

precious time in obtaining a diagnosis. In addition, whole blood samples often cannot be 

used directly for the testing, but instead must be centrifuged to separate the sample into 

serum and red blood cells. Some tests require even more processing of the blood sample. 

Every test is then run in triplicate to validate results, and calibrations are verified for proper 

reporting. The results are then sent back to the doctor for reporting. The entire process takes 

anywhere between a few days to six months, painfully slow for patients whose health 

management depends on the results. 

The centralized facility approach to testing significantly harms healthcare for 

patients. This method cannot be completed within the average doctor visit of 10 minutes, 

thus requiring a follow-up visit between the doctor and patient. However, research shows 

deficient patient follow up if a second contact is required, especially in low-resource areas. 13 

Usually, it is crucial for the patient to receive counseling on the results and to determine the 

path of treatment.  

To combat these lengthy testing times and expensive testing, there is a push toward 

point-of-care technologies. The term point-of-care simply means that the test can be easily 

administered wherever the test is needed and gives results in a reasonable amount of time. 

The World Health Organization (WHO) has set guidelines for this type of testing with a 

mnemonic acronym, ASSURED.14 These guidelines dictate that tests should be: 



 

 3 

Accessible to those in need 

Sensitive to the clinical range of the target of interest 

Specific to the target of interest, no false positives or negatives 

User-friendly 

Rapid, under one hour for results 

Equipment free 

Delivered to those in need 

Testing that remains within these guidelines solves many of the problems outlined above in 

regard to lengthy and expensive testing. Thus, these technologies can significantly improve 

outcomes and costs for patients by shortening time to diagnosis, and therefore treatment.  

Although some progress toward WHO-approved point of care devices has been 

achieved, much remains to be achieved to reach these goals fully. Excellent examples of 

current point-of-care testing are seen in urine dipsticks, glucose meters, and urine pregnancy 

tests. Most of these tests separate the target protein or analyte from a complex solution, 

amplify the target, and then detect the target all in one system. The urine pregnancy test is an 

example of a lateral flow test, where the target human chorionic gonadotropin (hCG)15 is 

separated from the urine in the initial absorbent material, and then the hCG is concentrated 

by binding to an antibody which is covalently bound to an optical reporter. Then this 

complex binds to another antibody for hCG in a pattern that can be read by the user. 

Distinctly, testing like the pregnancy and urine dipsticks are qualitative, providing only yes 

or no answers. While this works well for pregnancy, other types of testing require 

quantitative results to understand outcomes, such as the glucose measurements diabetics use 

to determine their need for insulin. Unfortunately, the technology behind glucose monitoring 
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cannot be applied to other targets. This is because the specific enzyme that detects glucose 

converts it into hydrogen peroxide, which is read electrochemically.16 Very few recognition 

enzymes are able to turn their targets into electrochemically active products for detection. 

Instead, progress requires technologies with a new approach that remains within the WHO 

guidelines.  

To better understand new approaches to point of care technologies, it is important to 

understand the gold standards used for current testing methods. These techniques involving 

microarrays, the polymerase chain reaction (PCR), and Enzyme-Linked Immunosorbent 

Assays (ELISA), are often modified from their existing platforms in an effort to create point 

of care methodologies. Scientists pushing technologies forward often pull from these 

established methods habitually, as they are well understood by the scientific community. 

 

1.1.1 Microarrays 

This type of testing, also called multiplexing, is used to simultaneously screen a wide 

range of binding events, allowing for large sets of data to be collected.17 As compared to 

other arrays, microarrays use small volumes in small spaces. Inspired by ELISAs that used 

196+ well plates, microarrays have been used to miniaturize the detection process, 

demanding less material while maintaining high specificity and selectivity. Since the first 

publication on microarrays, where the grid was a 1x1 cm grid with 400 individual spots, the 

grids have somewhat expanded in size while the number of spots has increased 

significantly.18 

Binding events can be DNA or RNA binding for the determination of a mutation 

such as a single nucleotide polymorphism (SNP). This approach also allows for multi-drug 
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screening, in which many drugs of interest are screened against a targeted protein. In the 

same vein, protein-protein binding can also be evaluated such as antigen typing and epitope 

(antigen recognition domain) and surface protein determination can also be evaluated. In 

general, the binding event produces an optical signal, typically a change in intensity, which 

is then read to determine the level of binding.  

Generally, this technique involves three or more steps and at least a half a day to run 

one experiment from sample prep to signal output. The central technology is a 2D array on a 

surface such as glass or thin-film silicon, where the capture molecule is bound to the surface. 

A sample of interest is then applied to the array. If the purpose of the experiment is 

sequencing DNA or RNA, the nucleotides must first be extracted from the source, which 

typically requires the lysing of cells followed by centrifugation for the elimination of any 

other molecules. If instead, a whole cell is used, e.g. for surface protein detection, no such 

preparation is required. In either case, after application of the sample to the array, an 

incubation period is required to ensure binding. Then a wash step is performed to remove 

any non-binding material. The final requirement is the introduction of some sort of optical 

reporter to determine the level of binding, which requires additional application and wash 

steps before detection. A fluorescently labeled antibody can be used in protein and certain 

small molecule detection assays. DNA and RNA probes are often labeled with dyes before 

being added to the array. Finally, detection of the optical reporters is performed to determine 

which spots indicate binding events. This information is used to deduce which mutations, 

proteins, or types of cells were present in the sample. 

There are many examples of the use of microarrays in point-of-care technology 

because they provide the sensitivity and selectivity required from testing with a multiplexed 
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approach. This includes testing such as a lateral flow allergen microarray19, protein 

microarray for neonatal sepsis diagnosis20, and detection of mutations in KRAS and p53 

genes21. These assays detect specific antibodies, non-antibody proteins, protein-protein 

interactions, cell surfaces, and DNA or RNA sequences all while using small volumes of 

reagents. Nonetheless, these assays are complex and time-consuming, requiring multiple 

reagents, washing steps, require the use of expensive readers, and specialty spotting 

instruments. Although the scientific community is combating expensive readers by coding 

programs for cell phone cameras, there has been no improvement speeding up the required 

steps to get to optical detection. 

 

1.1.2 Polymerase chain reaction (PCR) 

Polymerase chain reaction, or PCR, is currently the gold standard for detection of 

DNA or RNA strands and fragments. This method relies on specific instrumentation, 

reagents, and energy to heat and cool the system for the replication of DNA or RNA to 

occur. The technique involves five steps, with a half day often required just to perform the 

amplification. Depending on the detection method employed, an additional half-day or more 

is often needed before detection can be reported. The first step  in PCR is designing primers, 

short DNA sequences that attach upstream of the sequence of interest and allow the DNA or 

RNA polymerase protein complex to bind and begin replication. Once the proper primers, 

Taq polymerase (from Thermus aquaticus), nucleotides, and buffer are added, the reaction 

solution, it is heated to 95 °C to denaturation the double stranded oligonucleotides. The 

solution is then cooled to just below 70 °C to allow primers to anneal to the target strands. 

The solution is then heated slightly to 72 °C, enabling the extension of the primers by the 
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polymerase, which creates copies of the target. These heating and cooling steps make up one 

cycle, which is repeated around 30 times to amplify enough of the target for detection. The 

final step is the detection of the amplified oligonucleotide. This can be a simple gel 

electrophoresis if only based on molecular weight; however in the case of disease 

determination, each base requires sequencing for the accurate diagnosis.  

There are many variations on the method described above for increased specificity, 

and target validation; however, none have achieved applicability for point-of-care. One 

method, helicase-dependent PCR, eliminates the need for thermocycling but requires a 

second protein, increasing the price of the method and requiring optimized buffers and 

primers to produce reliable results.  

Some adjustments have been devised to make the required instrumentation suitable 

for point-of-care. A major focus has been on creating smaller and less expensive versions of 

the thermocycler, undoubtedly a crucial instrument in this method. With low-income areas 

in mind, Walker and coworkers were able to create a thermocycler from a computer.22 Even 

so, the PCR method still requires expensive reagents, time, and skilled workers.   

 

1.1.3 Enzyme-linked immunosorbent assay (ELISA) 

The enzyme-linked immunosorbent assay, or ELISA, is the current gold standard for 

the detection of protein biomarkers.23 This technique is ideal for research or clinical 

situations where skilled workers perform the testing in controlled environments with all 

reagents readily available. Since workers perform these experiments for the detection of 

proteins, which are often present in low concentrations, this technique requires the use of 

long incubation times and many wash steps to ensure specificity. 
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Generally, the ELISA technique requires a minimum of three steps, each with an 

incubation time between 2 and 16 hours. It is typically performed in 94-well plates where a 

control can be performed at the same time as the samples. In the first step, the target is 

exposed to the surface and allowed to adhere, often through non-covalent binding. 

Sometimes an additional step to pre-modify the surface for the target attachment is required. 

For example, in sandwich ELISAs, an antibody specific to the target is adhered to the 

surface before the sample with the target is presented. Once the target has bound to the 

surface of the plate, a wash step is performed to remove excess solution, and remove other 

proteins, not of interest. In the second step, another target-specific antibody is added to 

sandwich the target. A second wash step is performed to again remove any antibody not 

bound to the target. The final step is the reporting method. This can be a fluorescently 

modified antibody used in step 2, or a secondary antibody that recognizes and binds the first 

antibody, and is covalently modified with a fluorescent reporter or the enzyme horseradish 

peroxidase (HRP). In the latter case the enzyme converts hydrogen peroxide into a colored 

solution and the enzymatic reaction is stopped with sulfuric acid.  

A well-developed ELISA method is specific and sensitive but severely user-

unfriendly because it is time-consuming and requires many reagents. In addition, while 

ELISA ultimately works well, each new target requires significant development of buffers, 

washes, incubation times, and antibodies to achieve consistent and reliable results.  

 

1.2 The Rise of Aptamers 

While the methods involving ELISA, PCR, and microarrays demonstrate their 

abilities of detecting small quantities of a target with high specificity, they all also require 
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time-consuming steps with multiple specialized reagents, wash steps, and complex, 

expensive equipment. This section describes how aptamers offer a potentially valuable step 

forward in molecular diagnostics, providing a means for reducing the time needed for time 

to detection, the number of reagents required and the overall cost, while maintaining 

specificity and sensitivity. 

 

1.2.1 Aptamer Background 

Aptamers are single stranded nucleotide sequences that bind a variety of targets from 

small molecules to large proteins with high specificity and selectivity. Advantageously, 

these sequences are small, thermally stable, and inexpensive to synthesize. Aptamers also 

outperform other systems in single-step sensing platforms by undergoing large-scale 

conformational changes that generate a specific output signal. By contrast, however, 

aptamers with high specificity against a target can be difficult to experimentally create and 

their functionality in often condition-dependent.   

Aptamer are identified, rather than rationally designed using the Systematic 

Evolution of Ligands by Exponential Enrichment (SELEX) method pioneered by Tuerk and 

Gold.24 In the first step of SELEX, a large DNA or RNA library of 1015 or more individual 

sequences, are incubated with the target molecule. Sequences are then separated by washing 

away non-binding sequences. Compatible, bound, sequences are eluted under more stringent 

conditions, amplified, sequenced, and prepared for a subsequent round of selection. In 

addition to multiple rounds of positive selection, a negative selection based on a derivative 

of the target is used to increase specificity by eliminating any sequences that bind to the 
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derivative. To create an aptamer, five or more rounds of selection with at least two rounds of 

negative selection are used.  

 

1.2.2 The First Aptamers 

Originally aptamers were created for affinity chromatography to bind both organic 

dye molecules and nucleic acid binding proteins.25 Compared to the standard methods used 

at the time, aptamers were less expensive while still maintaining the specificity required for 

affinity chromatography. These original aptamers were made with RNA bases, and DNA 

aptamers did not arrive until a few years later.26,48 Aptamers were a major improvement to 

methods like ELISA and PCR due to their stability at room temperature and fast binding 

kinetics.27  

DNA aptamers against alpha-thrombin,31 cocaine,28 platelet-derived growth factor 

(PDGF), immunoglobin E, and adenosine triphosphate (ATP) dominate the literature 

landscape.29,30 These aptamers are among the original aptamers and are robust systems used 

repeatedly across the scientific community.31 Research groups often use one of these 

aptamers as a model system for proving new technologies and methodologies.  

With increasing numbers of scientists working in the aptamer field, single targets 

started seeing multiple aptamers. For example, alpha-thrombin currently has two unique 

aptamers. The first, a fifteen-base aptamer, creates a g-quadruplex upon binding with the 

protein at an allosteric site.32 A g-quadruplex is a structure in both DNA and RNA where 

four guanine bases associate through Hoogsteen hydrogen bonding to form a square planar 

shape. This structure can be created from one strand, or many strands where the backbone 

can be either parallel or anti-parallel.33 Two or more g-quadruplex structures can stack on 
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top of each other as seen in the 15-base alpha-thrombin aptamer, which has a stack of two.34 

A second, twenty-seven-base aptamer against thrombin includes both the g-quadruplex 

structure and a stem and binds a different allosteric site on thrombin, such that it resembles a 

candy cane shape; the g-quadruplex being the hook and the stem wrapping itself down the 

long part of the candy cane.35 Some researchers have used both alpha-thrombin aptamers to 

identify the protein at lower concentrations allowing for better detection.36,37 Another 

advantage of using two aptamers is the allowance for a sandwich-like assay in which the 

first aptamer can be attached to a surface for capturing the protein, and the second aptamer 

can be used for detection with an optical reporter. This constitutes an extension of the 

ELISA method with antibodies replaced by aptamers.38 Since aptamers require shorter 

binding incubation times than antibodies, their use speeds up the time to diagnosis. 

 

1.2.3 Aptamers in Diagnostics 

As noted above, the first aptamers were made from RNA. This was due to the recent 

discovery of their active participation in cell signaling, not just carrying genetic 

information.39 Many of the attempts at converting RNA aptamers to DNA sequences 

resulted in decreased affinities, even when the structures were nearly identical.40,41 Although 

it is rare that an aptamer directly converted from RNA to DNA performs identically, the 

dopamine aptamer held all of its properties.42 Also, as noted previously, aptamer affinities 

are notoriously dependent on the conditions of the experiment, which include the backbone 

of the aptamer for binding the target of interest.43 

The use of aptamers in diagnostics proves difficult when using real samples of serum 

or whole blood, or working directly in in vivo. Proteins within these solutions rapidly break 
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down the oligonucleotides by hydrolyzing the bases, thereby eliminating the aptamer and its 

ability to detect the target of interest. Various modifications are made to aptamers to prolong 

their life in diagnostic samples, however that is not the focus here.43  

With the discovery of aptamers, efforts to harness them for diagnostic purposes 

bloomed. One example is a qualitative lateral flow test for cocaine.44 In this test, 

streptavidin-coated gold nanoparticles (AuNP) are additionally coated in the cocaine 

aptamer, and allowed to aggregate. The aggregation of AuNPs produces a distinct red color. 

In the presence of cocaine, the aptamer folds around its target and disassociates from the 

AuNPs. The dis-aggregated AuNPs then flow through a filter binding to a biotin strip, 

creating a red line. This test is able to function in complex solutions such as saliva, urine, 

and blood serum due to the filtering nature of the lateral flow strip. Another example uses 

both AuNPs and quantum dots (QD) to detect both cocaine and adenosine independently in 

the same sample.45 Here, the aptamer is conjugated to the QD, and a hybridizing strand is 

conjugated to AuNPs. When the solutions are mixed, a low luminescence is observed as a 

result of the hybridization of the aptamer with its hybridizing strand, bringing the QDs and 

AuNPs in close proximity to one another. Upon addition of the target, the aptamer folds and 

releases the hybridizing strand, thereby separating the complex and resulting in high 

luminescence. By conjugating the cocaine aptamer and the adenosine aptamer on QDs with 

different wavelengths, one solution can independently determine either target. This system 

performed well in 10 % serum but required overnight incubation for best results.  

Another use of diagnostic aptamers is the labeling of malignant cells. The protein 

mucin (MUC1) is a glycoprotein found on epithelial cells. While present on healthy cells, it 

is expressed in 10x higher concentrations on extracellular membranes of in cancerous cells. 
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The use of aptamers rather than antibodies for labeling in vivo allows for a much faster 

clearance of unbound probes. Non-binding antibodies take a time to clear from the cells, 

extending the time required for accurate detection. The aptamer against MUC1 can be 

modified to include a mercaptoacetyl diglycine (MAG2) ligand which complexes with 

technetium.46 When this aptamer complex is loaded with radiolabeled 99Tc, it can be injected 

into mice where the aptamer will detect the MUC1 glycoprotein. To determine the organs 

where MUC1 has mutated, the detection of gamma-rays is performed in a scintillation 

counter.47  

 

1.3 Structure-Switching Aptamers 

As their name suggests, structure-switching aptamers are dynamic and transition 

between two different structures. One structure does not bind the target while the other does. 

As such, target binding causes a conformational change. The first example of the use of 

structure-switching aptamers comes ten years after the appearance of aptamers in 

literature.25,73 An advantage of this type of aptamer is that it allows for direct detection of 

target when using an output such as fluorescence. Thus, the binding of the target of interest 

creates a signal from the aptamer that reports on the concentration of the target in a solution.  

The first use of a structure-switching aptamer was reported in 2001 when Hamaguchi 

and co-authors described the use of the 15-base thrombin aptamer as a starting point.48,73 

They modified the aptamer by adding 4 to 6 added bases to produce a stem-loop structure in 

the absence of thrombin. These added bases bind the middle of the g-quadruplex, disrupting 

both the quadruplex structure and protein binding. With this new aptamer, the researchers 
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were able to detect thrombin at an apparent disassociation constant of 10 nM, a vast 

improvement over the original 200 nM. 

Since 2001, the use of structure-switching aptamers has increased. Luminescence the 

detection of immunoglobulin E (IgE),49 and fluorescence detection of platelet-derived 

growth factor (PDGF),50 cocaine,51 and adenosine triphosphate (ATP)52 have all been 

achieved using structure-switching aptamers.  

During SELEX, aptamers can be designed to unbind a sequence upon target binding. 

In this system a small sequence, between 7 and 15 bases is added for hybridizing another 

DNA strand. This sequence is placed in the middle of the DNA library so that upon binding 

to the target the hybridization is disrupted. To create a signal-on structure-switching 

aptamer, a quencher is added to the hybridizing strand. The quencher stays in close 

proximity to the fluorophore when hybridized. Then when the aptamer binds the target, the 

quenching strand is displaced, allowing for increasing fluorescence. Nutiu and Li detail this 

system in the creation of an ATP structure-switching aptamer after performing 16 rounds of 

selection.53 

 

1.3.1 Designing Structure-Switching Aptamers 

In the absence of explicit selection for structure switching, not all aptamers switch 

between non-binding and binding conformations. To create a direct-detection, structure-

switching aptamer modification from a parent sequence is preferred. This design effort can 

prove easier if it is known how the aptamer binds its target, but a number of methods 

demonstrate proficiency even in the absence of this information. 
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Naturally, understanding the target-binding region of an aptamer sequence provides 

insight into the system. Aptamers are raised with primer tails on either side of a sequence to 

enable amplification. These primer sequences can inadvertently be involved with target 

binding. Most selections performed today take precautions to ensure primers are not 

involved with binding. Truncation studies aid in determining the sequence required for 

binding. Although any change in sequence could result in a decrease in binding affinity 

between the aptamer and the target, performing truncation studies in a logical manner helps 

maintaining the best binding affinity. Regardless, aptamers are often reported with primers 

and with only limited truncation studies. 

Ideally, a co-crystallization or nuclear magnetic resonance (NMR) resolved structure 

of the aptamer and its target will accurately determine the binding location. While this is 

easier with small molecules, as they are small and more static, there are instances of well-

established aptamers that have no crystal structure. Generally, enzymes are difficult to 

crystallize without a cofactor to hold the enzyme in a static state, and as such, there are only 

a few enzyme-binding aptamers co-crystalized with their target.54 Additional challenges in 

crystallizing the target with the aptamer arise are due to the flexibility of aptamers the 

unbound state. 

 

1.3.2 Additional Oligonucleotides for Detection 

In a second approach to inducing aptamers to switch between two structures, 

additional oligonucleotide strands were added and designed into the system.55 As mentioned 

previously the fluorophore and quencher are on separate strands rather than contained in the 

same strand. Upon target binding, the second strand is displaced, separating the fluorophore 
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and quencher, thus producing fluorescence. Another option is to split the aptamer into two 

different strands that only come together upon binding of the target. In this system, a 

decrease in fluorescence is seen when using a fluorophore and quencher, or a change in 

fluorescence emission wavelength is seen with overlapping fluorophores. 

Alternatively, a quenching strand added to the aptamer for hybridization can also 

cause structure switching. Chen et. al. used this method with their aptamer for ochratoxin A, 

a food-born toxin.56 The 36-base fluorescein-labeled aptamer was hybridized to a quencher-

labeled strand of nine to thirteen bases. In addition, the authors looked at the ratio of the 

aptamer to quencher strand to optimize the system. In the end, they used the 10-base 

quenching strand with a 1:3 ratio of the aptamer: quenching strand in real corn samples. 

The addition of these extra oligonucleotides vastly improved the variety of aptamers 

able to directly detect the binding of the target. However, such additional oligonucleotides 

only add to the number of reagents required to produce results. As WHO guidelines 

recommend point-of-care testing be as user-friendly as possible, additional reagents for the 

simple detection of a target is sub-optimal. This type of aptamer system was included here 

however as a stepping-stone to systems with internal controls, as explained in the next 

section.  

 

1.3.3 Internal Controls for One-tube Detection 

As per the WHO strategy for point-of-care testing, rapid testing helps ensure that a 

patient obtains the advice and treatment indicated by the test. To make testing rapid, the use 

of complex solutions is required. As aptamers are susceptible to degradation in these 
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complex solutions, the employment of an internal control is needed to ensure accurate 

detection of the target. 

One example of the use of an internal control comes from the Yingfu Li group in the 

detection of theophylline in human serum samples.57 The system requires the use of four 

strands as follows. The first strand is the aptamer, with additional bases for binding the other 

strands. The second strand hybridizes to the aptamer section of the first strand at the 3’ end 

and contains a quencher at its own 3’ end. The third strand sits in the middle of the first 

strand and presents two different fluorophores on each end. Finally, the fourth strand 

hybridizes to the 5’ end of the first strand with a quencher on its own 5’ end. This set up 

allows the first fluorophore to fluoresce upon the binding of the target. However, a false 

positive occurs if the second fluorophore signals indicating endonuclease activity through 

the cleavage of the strands. While this internal control provides identification of 

endonuclease activity on the aptamer, there could still be changes in fluorescence from 

sample to sample with no way to accurately compare the target concentrations between 

samples.  

Our group pushed these established boundaries to include internal controls that could 

account for sample variation. Vallée-Bélisle et al. used a DNA sequence to detect 

transcription factors, proteins that recognize double-stranded DNA to initiate the 

transcription of DNA into messenger RNA (mRNA).68 In addition to this transcription factor 

aptamer, a competitor and stabilizer strand were used. The competitor strand binds the target 

transcription factor, removing the target from the aptamer. This returns the aptamer to the 

baseline fluorescence. The stabilizer strand binds the aptamer in the target binding form, 

such that maximum fluorescence is achieved with no added target. With these three 
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measurements the concentration of an unknown amount of target can be determined, 

regardless of the variation in background fluorescence from the sample. In addition, the 

three measurements can be performed one after the other in a single tube. In addition to 

performing this work in buffer, experiments were extended to quantify transcription factors 

in cell extract solutions. 

The goal of the work presented here is to extend these structure-switching aptamers 

to include a universal approach for creating this internal reference system with only three-

steps for the quantification of various targets in additional complex solutions.  
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Chapter 2. Molecular Beacon Aptamer in a Tube 

2.1 Introduction 

Recent years have seen the development of a wide range of biosensors that employ 

binding-induced conformational changes in an oligonucleotide-based “receptor” to 

transduce molecular recognition events into easily detectable optical,58 electrochemical,59 

microgravimetric,60 or electronic61 readouts. Examples include the use of DNA oligomers 

and aptamers attached to reporting agents such as Quantum Dots (QD),62, 63 gold 

nanoparticles,64, 65 gold surfaces,66, 67 and fluorescent labels.68 The advantages of these 

sensors include high specificity, low binding affinities, and quantitative detection, all while 

remaining wash-free and single-step. This suggests that they may prove promising as an 

approach to inexpensive, point-of-care molecular diagnostics.  

Despite the potential advantages of beacon-type sensors, the use of these 

conformation-linked fluorescent sensors is complicated by the procedures needed to 

calibrate their response in complex sample matrices. For example, the background 

fluorescence arising from interferents and modulation of the beacon’s fluorescence due to 

absorbance or quenching can vary from sample to sample and must be carefully corrected. 

Signal gain, the maximum signal that would be expected at saturating target, can likewise 

vary from experiment to experiment due to changes in the concentration of the beacon or 

sample conditions. Given these complications, beacon-type approaches rely on the use of 

sample blanks to determine baseline signals and the addition of saturating target to 

determine signal gain. Good blanks, however, can be difficult to obtain if, for example, 

patient-to-patient variations in blood composition are so significant that the blood of one 

subject cannot be used as an accurate blank for another. The use of saturating target to 
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determine a beacon’s signal gain under authentic sample conditions can likewise be 

expensive or difficult depending on the target.  

Here we demonstrate an approach to beacon calibration that employs three 

inexpensive reagents in a single-tube and three sequential measurements to achieve the 

quantitative determination of an unknown target in a complex sample matrix without the use 

of either blanks or saturating target.  

 

2.1.1 General Approach 

To determine the concentration of a target using a beacon requires knowledge of 

three experimental values. The first is the beacon’s fluorescent output, Ftarget when it is in 

equilibrium with the target in the sample. We obtain this value by introducing the beacon to 

the sample, allowing the system to equilibrate, and then taking the first measurement. In 

order to correlate Ftarget with the occupancy of the beacon (from which, through its known 

disassociation constant, KD, we can determine target concentration. We must also determine 

the signals observed when the beacon is entirely unoccupied in the same sample matrix, 

Fbaseline, and when it is entirely occupied, Fsaturation. To obtain the former we can “swamp” 

the system with a competitor that lacks the optical reporters and thus does not generate a 

signal upon target sequestration. The competitor can be comprised of either the same 

receptor at orders of magnitude higher concentration than the target or a higher affinity 

receptor in nearer stoichiometric excess. This competitor depletes the target molecules in the 

sample, allowing the measurement of Fbaseline. To obtain Fsaturation, in contrast, requires full 

occupancy of the beacon. This can be achieved via the addition of the target molecule in 

large excess over the beacon concentration and, if one is performing a single-tube 
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measurement, also over the concentration of the competitor. For many target molecules, 

however, this can be prohibitively expensive and/or inconvenient.  In response we employ 

beacons that instead allosterically bind a specific “activator” oligonucleotide in a manner 

that mimics the conformational change associated with target binding. Our motivation for 

doing so is that oligonucleotide activators are generally less expensive and more convenient 

(stable and highly soluble) than many of the target molecules of interest.  

Our approach to beacon-based concentration determination is reduced to three 

sequential fluorescence measurements in a single tube (Figure 2.1). First we add the beacon 

to the sample, equilibrate it with the endogenous target, and measure Ftarget. We then add an 

excess of competitor to this same tube, equilibrate again, and measure Fbaseline. Finally, we 

add an excess of the activator, equilibrate a third time, and measure Fsaturation.  These three 

measurements are sufficient to calculate the target concentration as 

 

 𝑡𝑎𝑟𝑔𝑒𝑡 = !! (!!"#$%!!!!"#$%&'$)
(!!"#$%"#&'(!!!"#$%!)

 Eq. 1 

 

where the KD of the beacon under the comparable conditions has previously been 

determined. As you will see here, each system is dependent on the aptamer, however, the 

concentration ranges are 81x when the aptamer is under the determined KD, and 10x when 

the aptamer is above the determined KD, following the anticipated Langmuir isotherm.  
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Figure 2.1 The three-step, single-tube calibration method for employing beacons in complex sample 
matrices. (Top) In the first step, the sensor is equilibrated with the target in the sample to determine 
Ftarget. Second, we add an excess of unlabeled competitor so as to de-populate the beacon-target 
complex, allowing us to measure Fbaseline. Finally, the addition of an activator is used to simulate 
Fsaturation, the fluorescence that would be observed were the beacon fully occupied. (Bottom) From 
these three measurements and the known disassociation constant of the beacon, KD, we can derive 
the target concentration. 

 

2.2 Results and Discussion 

2.2.1 Molecular Beacon "Aptamer" as a First Model System 

The first system with which we explored single-tube beacon calibration we 

employed the first reported sensor in this class, the “molecular beacon” of Kramer and co-
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workers,69 which is now commonly employed for the detection of specific DNA or RNA 

sequences.70,71,72 Molecular beacons traditionally consist of a simple stem-loop DNA 

modified on its two ends with a fluorophore/quencher pair (Figure 2.2). In the absence of 

target the stem holds these optical reporters in close proximity, quenching fluorescence. 

Hybridization to a complementary target segregates the fluorophore from the quencher, 

increasing fluorescence. For our studies we fabricated a 27-base molecular beacon with a six 

base-pair stem, a tetramethylrhodamine carboxylic acid (TAMRA) fluorophore, and black 

hole quencher (BHQ). The loop of our molecular beacon recognizes 19 bases of a 23-base 

single-stranded target DNA. As a higher affinity competitor we employed a 27-base DNA 

lacking reporters and fully complementary to the target. Finally, as our activator we 

employed a 27-base DNA fully complementary to the molecular beacon, the binding of 

which mimics the binding of the authentic target.  

Our single-tube calibration approach performs well when used with the molecular beacon in both 
simple buffers and more complex sample matrixes. To show this we first determined the beacon’s 
disassociation constant to be 34.8 nM in 3-(N-morpholino)propanesulfonic acid (MOPS) buffer (10 
mM MOPS, 140 mM NaNO3, 10 mM ethylenediamine tetra-acetic acid (EDTA), pH 7.4), and 23.7 
nM in 50% fetal bovine serum in MOPS buffer ( 

Figure 2.3 and Figure 2.4). We then used our single-tube, three-measurement 

approach to determine the concentration of the beacon’s target under both conditions. For 

example, starting with a known, 10 nM target concentration in MOPS buffer our three-

measurement-one-tube approach recovers a concentration of 10.3 nM with a 95% 

confidence range of 8.5 to 12.2 nM. A second test run performed in 50% fetal bovine serum 
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(FBS) also using a 10 nM target concentration produced an answer of 9.1 nM with the 95% 

confidence range from 7.5 to 10.7 nM.  
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Figure 2.2 Single-tube calibration approach as applied to the measurement of the concentration of a 
specific nucleic acid sequence using a molecular beacon. (Top) From left, molecular beacon alone, 
before addition to the sample; upon target addition, target binds the beacon, opening the molecular 
beacon for fluorescence corresponding to concentration of target; addition of the competitor 
sequesters the target, allowing the molecular beacon to adopt the structure of no target present, or 
background signal; following these steps, the addition of activator saturates the beacon producing the 
maximum signal gain.  (Middle) The response of the sensor in buffer with sample (white bars) or in a 
sample-free control (grey bars). Control solutions contain sensor but are not exposed to target. 
Control solutions are challenged with the activator in the last step to ensure the experimental 
saturation signals match that of a control. Calculated target concentration is 10.3 nM. (Bottom) The 
response of the sensor in 50% serum. Bars are the same colors as the middle graph. Calculated target 
concentration is 9.1 nM. All data points are the average value with error bars as standard error (n=3).  
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Figure 2.3 Titration of Molecular Beacon Aptamer sensor in MOPS Buffer. Data points are average 
and error bars are the standard error (n = 3). Langmuir isotherm fit is solid line. 

 

Figure 2.4 Titration of the molecular beacon sensor in 50% fetal bovine serum. Data points are 
average and error bars are the range (n = 2). Solid line is a Langmuir isotherm fit. 
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2.2.2 Silver-binding Aptamer 

Expanding on the molecular beacon framework, Hamaguchi, Ellington and Stanton73 

were the first to report beacon-type sensors employing aptamer recognition elements – DNA 

or RNA molecules selected in vitro for their ability to detect specific non-nucleic acid 

targets – for the detection of proteins, small molecules and inorganic ions.74,75,76 As a test bed 

to demonstrate the adaptation of our calibration approach to these more complex beacons we 

first employed a fairly simple aptamer that binds silver ions. Specifically, the silver ion 

binds between cysteine-cysteine mismatches in double stranded DNA,77 an effect that has 

previously been used for the detection of this target.78,79 

Elaborating on our modified molecular beacon we designed a beacon for the 

detection of silver and tested it in both simple buffer and in creek water samples. This 49-

base beacon contains a fluorescein fluorophore, often abbreviated as FAM or FITC, at the 

26th base, and a black hole quencher (BHQ) at its 5’ end. In the absence of silver the beacon 

adopts a double-stem-loop structure that holds the fluorophore/quencher pair in proximity 

(Figure 2.5). Upon binding silver the beacon rearranges into a single-stem-loop structure 

that separates the pair. As the competitor we employed a 40-base pair stem loop containing 

8 silver-binding C-C mismatches; because this does not undergo a binding-induced 

conformational change its affinity is significantly higher than that of the beacon. As an 

activator, we employ a 14-base element complementary to the 3’ end of the beacon. 

Hybridization of the activator with the beacon opens the beacon in a manner that mimics the 

silver-bound conformation. However, when the activator is added, the beacon produces 

consistently lower fluorescence than saturating silver fluorescence. To correct Fsaturation, the 

observed value is multiplied by 5/3. The disassociation constant of the beacon is 200 nM in 
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MOPS buffer and 51 nM in an environmental sample (creek water) diluted 50:50 with 

MOPS buffer (lowering the ionic strength alters the KD) (Figure 2.6 and Figure 2.7). Using 

our one-tube three-measurement approach with a known target of 50 nM in MOPS buffer 

we recover a 46.6 nM silver ion concentration with a 95% confidence range of 39.7 to 53.4 

nM. A second run using 50% creek water/50% MOPS buffer with a known target 

concentration of 20 nM recovers a concentration of 19.1 nM with a 95% confidence range of 

11.2 to 27.1 nM.  
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Figure 2.5 The measurement of silver ions using a beacon containing silver-binding C-C 
mismatches. (Top) Visual representation of the step-wise addition for the silver(I) ion detection 
system. From left, silver beacon alone, before addition to the sample; upon target addition, target 
binds the beacon, opening the two-stem architecture to a one-stem molecular beacon for fluorescence 
corresponding to concentration of target; addition of the competitor sequesters the silver ion, 
allowing the beacon to adopt the structure of no target present, or background signal; following these 
steps, the addition of activator binds to the beacon producing the maximum signal gain, equivalent to 
target saturation. (Middle) The response to sensor upon step-wise addition of the target in MOPS 
buffer. Bars in white are solutions exposed to samples, while grey bars are control solutions with 
sensor, but only exposed to activator to ensure replication. (Bottom) The response of the sensor upon 
step-wise addition of target in 50% creek sample. All data points are averages with error bars as 
standard error (n=3). Sensors were tested in creek water samples as silver(I) ion is toxic to fish in 
streams at levels above 2.5 nM, depending on fish species and size.80, 81 .  
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Figure 2.6 Titration of the silver ion sensor with silver ion in buffer. Data points are averages and 
error bars are standard errors (n=4). Error bars are obscured by data points. Solid line is Langmuir 
isotherm fit. 

 

Figure 2.7 Titration of the silver ion sensor with silver ion in creek sample. Data points are averages 
and error bars are the range (n=2). Error bars are obscured by data points.Solid line is Langmuir 
isotherm fit.  
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2.2.3 Thrombin Aptamer 

As a final test system we adapted our approach to the 15-base thrombin-binding aptamer of 
Hamaguchi, Ellington, and Stanton.73 Here we added a 10-base tail to the 3’ end of the aptamer such 
that the lengthened construct forms a stem-loop in the absence of target (Fig. 4). To determine the 
best location of the fluorophore for the best signal change upon thrombin binding, two architectures 
were created. The first, thrombin structure-switching aptamer 1 (TSSA1) has the fluorophore at its 5’ 
end, and the quencher at the 3’ end. The second, thrombin structure-switching aptamer 2 (TSSA2), 
was made with the fluorophore attached to thymine five bases from the 5’ end, and retaining the 
quencher on the 3’ end. Both aptamers fold into a molecular beacon, or stem-loop architecture, 
bringing the fluorophore/quencher pair into proximity. Upon thrombin binding the aptamer folds into 
a g-quadruplex, segregating this fluorophore/quencher pair, increasing fluorescence (Figure 2.8 and  

Figure 2.9). Indeed, the TSSA2 sensor, with a closer fluorophore/quencher pair, 

creates a larger change in signaling (Figure 2.10). Although this change is larger, the overall 

fluorescence is lower, most likely due to the close proximity of the pair, and may prove 

inhibitory upon use in serum. The experiments further detailed here all employ the 

architecture, named TSSA1, with the fluorophore at the 5’ end of the sensor. 

As competitor we employed the original 15-base aptamer with a 10 base poly-T tail. 

Thus the competitor does not form the stem-loop and possesses a higher affinity for 

thrombin than the beacon. As an activator we employ a 25-base construct complement to the 

full length of the beacon. Other lengths of activators were tested, however none proved to 

create the same saturating signal as the 25-base activator (Figure 2.11). 
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An investigation of this system revealed a KD for the thrombin aptamer with human 

thrombin in buffer (10 mM Tris, 7.4 pH), of 16 nM (Figure 2.12). A singular experiment to 

determine an unknown concentration of thrombin was performed (Figure 2.13). From this 

experiment, the determined target concentration of 12 nM was significantly smaller than the 

spiked concentration of 20 nM thrombin. This experiment needs to be repeated in the future 

to determine accurate target concentrations.  

Finally, in anticipation of challenging the system in blood serum, the sensor was 

tested against bovine thrombin. Although the aptamer was created to solely recognize the 

human thrombin, bovine thrombin is similar, differing by only few amino acids. Most 

importantly, there is only one amino acid different in the binding site of the aptamer. In 

Figure 2.14, increasing concentrations of bovine thrombin (bThrombin) are added to the 

sensor with some increase in fluorescence. As compared to the same sensor binding to 

human thrombin (hThrombin) however, the fluorescence increase is almost insignificant: 

hThrombin causes a 200% increase in signal while bThrombin only causes a 50% increase.  

In future experiments, this three-step system must be completed. To fully complete 

the system as the molecular beacon and silver aptamer were completed, there are several 

required experiments. First, completing the stepwise sample concentration as described 

above with an accurate determination will allow the system to move forward to serum 

experimentation. While preparing the system for accurate target determination in serum 

solutions, any background bThrombin binding must be quantified. An experiment using the 

method of standard additions can quantify bThrombin in any fetal bovine serum before 

quantifying any spiked additions of hThrombin.  
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Figure 2.8 Measurement of thrombin protein with the thrombin aptamer. From left, thrombin beacon 
alone, before addition to the sample; upon thrombin addition, thrombin binds the sensor, opening the 
molecular beacon for fluorescence corresponding to concentration of target; addition of the 
competitor sequesters thrombin, allowing the beacon to adopt the structure of no target present, or 
background signal; following these steps, the addition of activator binds to the beacon producing the 
maximum signal gain, equivalent to thrombin saturation.  

 

Figure 2.9 Titration of thrombin aptamer with hThrombin. This aptamer has the fluorophore on the 
5’ end with the quencher at the 3’ end (TSSA1). Each scan is the average of 2 scans.  
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Figure 2.10 Titration of hThrombin with Thrombin Aptamer. This aptamer has the fluorophore 
inserted between the 5th and 6th base from the 5’ end with the quencher at the 3’ end (TSSA2). Each 
scan is the average of 2 scans. 

 

Figure 2.11 Time kinetics of various sized activators upon addition to the TSSA1 aptamer. 
Activators were added at 2 minutes, and data points were taken every 15 seconds.  
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Figure 2.12 Titration of hThrombin with the Thrombin aptamer TSSA1. Data points are the average 
with error bars as the standard error (n=3). Fitted line is a Langmuir isotherm for KD determination 
of 16 nM. 

 

Figure 2.13 Concentration determination of hThrombin using the stepwise addition. Red bars 
indicate the control solutions with the TSSA1 aptamer with no target addition, but activator is added 
at the end. Blue bars indicate experimental solutions taken through the step-wise addition. All data 
bars are average with error bars as the range (n=2).  
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Figure 2.14 Titration of bThrombin and hThrombin with the Thrombin aptamer TSSA1. Data points 
reflect averages with error bars as the range (n=2). 
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As all projects go, not all perform optimally. The following examples were 

predecessors to the MBA, silver(I) ion, and thrombin aptamer systems. Each had its 

complications, from which lessons were learned to create the working three-step system. 

They are included in this thesis as documentation for future researchers. 

 

2.2.4 PfLDH Aptamer 

In beginning this project, the goal was to select an aptamer with relevance to the 

point-of-care world from literature. Additionally, the aptamer should have enough literature 

support to ensure repeatability and detail the location of aptamer binding to its target. These 

two requirements would allow for changes to the aptamer sequence with additions to create 

a structure-switching architecture.  

This aptamer was found in the journal abbreviated PNAS with a co-crystallized 

structure of the protein and the created aptamer.82 One appealing feature of this aptamer was 

its target, the lactose dehydrogenase protein from the malaria-causing protozoan parasite 

Plasmodium falciparum (PfLDH). The researchers determined that the aptamer detection of 

the malarial LDH was specific, and does not detect human LDH. A second appealing feature 

was the co-crystallization with the target molecule, providing an optimal way of tweaking 

the aptamer sequence with out reducing interactions between aptamer nucleotide bases and 

the protein.  

While studying the aptamer-protein co-crystallization in the paper, the 27-base 

sequence important for binding forms a loose loop with some making hydrogen bonds. 

Additionally, the PfLDH protein is made of 4 subunits, with two aptamers binding between 

subunits A and B, and C and D. While studying the architecture of the aptamer, an important 
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flipped base at the 16th position (an adenine) from the 5’ end shows interaction with the 

protein. Finally, the aptamer has an eight base sequence on the 3’ end that could be used as a 

tail. 

To create a structure-switching aptamer where the binding conformation turns 

fluorescence on, the loop that binds the protein must be hidden in the off state (Figure 2.15). 

To accomplish this, a tail on the 3’ end of the aptamer binding sequence was created to bind 

the middle of the loop. This replaced the eight non-binding bases in the original aptamer. On 

each end of this newly created stem loop, a fluorophore and quencher were inserted into the 

sequence, such that fluorescence would be quenched in the non-binding form, and 

fluorescence would increase upon binding. 

The final modification to the aptamer sequence added six bases on both the 3’ and 5’ 

ends of the sequence to act as toeholds for the stabilizer. Previously a stabilizer sequence 

held the sensor in the binding state with maximum fluorescence.68 

Proteins PfLDH and human lactose dehydrogenase b (hLDHb) were acquired from 

the Tanner group, with frozen stock of PfLDH, and vectors for both PfLDH and hLDHb. 

Some primary experiments were performed using the frozen stocks of PfLDH while more 

protein was grown and purified. 

The primary experiments showed decreases in fluorescence upon increasing PfLDH 

protein concentration. When challenged with a non-binding protein, bovine serum albumin 

(BSA), there was no change in fluorescence (Figure 2.16). 

Upon analysis of the results along with the cartooned aptamer, it was determined that 

the fluorophore was interacting with the protein upon binding causing a decrease in 

fluorescence. Additionally, the initial fluorescence from the sensor suggested that the non-
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binding state was not achieved such that the fluorophore and quencher were not in close 

enough proximity. 

 

Figure 2.15 Cartooned structures of the PfLDH aptamer. 5’ end is on left hand side in both drawings. 
Blue bases are the binding sequence to the protein. Red base is the flipped out base, also involved in 
binding. Fluorescein (FAM) is the fluorophore and BHQ is the black hole quencher. (Left) 
Nonbinding state, fluorophore and quencher pair are close in proximity. (Right) Binding state with 
the blue bases presented in the loop. Fluorophore and quencher pair are separated in this architecture, 
resulting in fluorescence.  

 

Figure 2.16 Titration of PfLDH aptamer with PfLDH protein and BSA as a negative control. Closed 
circles are challenged with PfLDH protein, open boxes are BSA challenged sensors. Data values are 
averages with error bars as standard deviation (n=3). 
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2.2.5 H6 Aptamer 

After the PfLDH aptamer did not provide a pathway to a possible aptamer system, 

another aptamer was chosen from literature. The histidine tag aptamer was chosen from the 

Weihong Tan group, known for the development and use of aptamers. This aptamer targets 

the histidine tag added to the N terminus of proteins and was developed as a second 

generation in the Tan group from the original sequence patented in another form by Sharon 

Doyle and Michael Murphy.83,84 The basis for choosing a histidine tag aptamer would also 

allow for detection of proteins within cell lysates. Although the aptamer would not be 

specific for a protein, it is rare to have more than one protein with a histidine tag within a 

bacterial culture, as this would not allow for purification. Here, I named the aptamer “H6 

aptamer”, for the six-histidine amino acids added to proteins as a tag for purification.  

In the first experiments, the aptamer was challenged against the hLDHb protein. 

Since I personally prepared this protein, from growth through purification, it was a solid 

starting point. Additionally, the purification required a nickel column for the added his-tag. 

As seen in Figure 2.17, there was no change upon increasing amounts of hLDHb protein. A 

second protein, a commercially available his-tagged H1N1 recombinant protein was used to 

challenge the H6 aptamer. Due to the higher stock concentration, this protein allowed for a 

larger range of added his-tagged protein. As seen in Figure 2.18, the aptamer continued to 

not respond to known his-tagged proteins.  

From these two negative responses to known histidine tagged proteins, this project 

was stopped. When looking retrospectively at this project, the aptamer did not have citations 

from other groups, which can reduce the aptamers reproducibility. Compared to the Tan 

group aptamer structure, the polyethylene glycol (PEG) spacer was removed, resulting in 
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possible higher rigidity and reduced ability of the aptamer to bind a histidine tag. All that 

said the original patented aptamer did not contain any spacers, so it is unlikely that the 

deletion of the PEG spacer caused the aptamer to detect his-tags.  

 
Figure 2.17 Titration of H6 aptamer with added hLDHb protein. Data points are averages and error 
bars are the range. (n=2). 

 
Figure 2.18 Titration of H6 aptamer with added H1N1 recombinant protein. Black circles are with 
the recombinant protein while the open squares are control solutions with no added target. Data 
points are averages and error bars are the range. (n=2)  
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2.2.6 Mercury Ion Aptamer 

With two systems not working according to the goals of the project, literature was 

combed through to find aptamers used by at least two groups. The mercury(II) ion aptamer, 

or a thymine-thymine mismatch, had been used by many groups, including our own.85,86,87 

Instead of using the aptamer in a cooperative manner as many of the previous groups, a new 

sequence was produced with a singular thymine-thymine mismatch (Figure 2.19).  

Upon completing many titrations, a problem arose at the higher concentrations of 

mercury chloride, a decrease in the overall fluorescence (Figure 2.20). Based on a literature 

search, heavy metals with f orbitals, such as mercury(II) could be interacting with the π 

orbitals of the fluorophore, and therefore acting as a quencher in solution. Even with lower 

concentrations titrated into solution, a plateau is not formed and rather decreases in 

fluorescence are seen, even at lower concentrations than when a wide concentration is 

performed (Figure 2.21). Further supporting this hypothesis of mercury (II) ion interfering 

with fluorescence was the addition of the mercury competitor, which caused a 20x increase 

in fluorescence. This increase in fluorescence could only be due to the capture of mercury 

ions in the competitor thymine mismatches, removing any interaction in solution to the 

fluorophore.  

To also show that there is no quenching of fluorescence by heavy metals without f 

orbitals, silver (I) ion was added at increasing concentrations to a solution of the mercury 

aptamer (Figure 2.22). There was no decrease in fluorescence, instead however, there was an 

increase in fluorescence. With this knowledge, focus moved from the mercury ion aptamer 

to the silver ion aptamer. 
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Previous groups using the mercury aptamer were able to get around the quenching 

problem with mercury (II) due to the cooperativity of their sensors allowing for lower 

binding affinities. As we were interested in studying single binding events, this eliminated 

this sensor from being used in our project. We learned that heavy metals with f orbitals 

could contribute to fluorophore quenching at high concentrations. 
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Figure 2.19 - Single mercury (II) ion molecular beacon aptamer. The non-binding state (left) is the 
energetically favorable state, and is kept in that state until mercury (II) ion is present. Sequence in 
blue shows the stem that forms in the presence of mercury (II) ion (right). Fluorescein is attached to 
the thymine (green circle), and onyx quencher A is at the 3' end (black circle). 

 

 

Figure 2.20 Titration of mercury(II) with 10 nM Mercury Aptamer. At higher concentrations of 
mercury, quenching is observed. Data points are averages with error bars as standard deviation 
(n=5).  
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Figure 2.21 Titration of mercury (II) ion with mercury aptamer at lower concentrations. Decreases in 
fluorescence seen above 100 nM. Data points are averages and error bars are standard deviation (n = 
3).  

 

Figure 2.22 Titration of Silver (I) ion with the mercury aptamer as a demonstration that silver ion 
does not cause quenching. Data points are average with error bars as standard deviation (n = 5).  
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2.3 Conclusions 

Here a novel approach has been described to perform calibrated molecular and 

aptamer beacon measurements. This approach is suitable for the quantification of targets 

even in complex sample matrices, which requires only three sequential measurements that 

are performed in a single tube. Further adding to its convenience, only inexpensive DNA-

based reagents are required, obviating the need for the addition of saturating target to obtain 

an upper baseline for the measurements. I believe this technique can be universally applied 

to any target system, regardless of previous difficulties. The quantification of a target using 

this three-step system was proven through the detection of three different systems, a DNA 

strand, a small ion, and a protein.  

Further work is necessary to completely show the thrombin aptamer works in serum 

samples. Although the groundwork and the path forward are provided, the experiments must 

be completed to fully show the aptamer working in the three-step system.  

Should an additional aptamer be designed for the use in the three-step system, it is 

important to consider the binding of the aptamer to the target, the possibility of disrupting 

this binding with a second structure, and how an activator can be designed to mimic binding 

of the target at saturation. Serum has a high autofluorescence in the blue-green range, 

therefore, a fluorophore that excites in the red region will out-perform one in the green or 

yellow range. Furthermore, solution autofluorescence will be of great importance for future 

aptamer designs with the intention of using them in a complex solution.  
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2.4 Experimental 

2.4.1 Materials 

HPLC purified DNA sequences for MBA and mercury ion aptamers were ordered 

from Sigma-Aldrich (Woodbridge, MO), all other HPLC purified DNA sequences were 

ordered from Biosearch Technologies (Novato, CA). All DNA stock solutions were made to 

100 µM using UltraPure distilled water (Gibco, Grand Island, NY; now Thermofisher 

Scientific) and stored at 4 °C in their original packaging. Mercury (II) chloride, silver 

perchlorate, 3-(N-morpholino)propanesulfonic acid (MOPS), BL21 (DE3) pLysS-T1 

Competent Cells, and Fetal Bovine Serum (all from Sigma Aldrich, Saint Louis, MO), and 

sodium phosphate monobasic monohydrate, sodium phosphate dibasic monohydrate, LB 

Broth Muller, Acrylamide/bis-acrylamide 40% solution, ammonium persulfate (APS), 

N,N,N',N'-Tetramethylethylenediamine (TEMED), 10x Tris Borate EDTA (TBE) (made in 

house - Tris HCl, Boric Acid, imidazole, and  sodium nitrate (all from Fisher Scientific, 

Fairlawn, NJ) were used as received. Additionally, an electrophoretic mobility shift assay 

(EMSA) kit (including EMSA dye, SYBR green, and SYPRO Ruby) (Life Technologies, 

now Thermofisher Scientific), ethylenediaminetetraacetic acid disodium salt dihydrate 

(EDTA), and silver nitrate (EMD Chemicals Inc., Gibbstown, NJ)), SOC Medium 

(Invitrogen, now Thermofisher Scientific), and human and bovine thrombin (Haematologic 

Technologies Inc., Essex Junction, VT) were used as received. A buffer solution of 140 mM 

3-(N-morpholino)propanesulfonic acid (MOPS) and 10 mM sodium nitrate was pHed to 7.6 

and filtered using Nalgene Rapid flow 0.2 µm nylon filters with 90 mm diameter 

(ThermoFisher Scientific, Waltham, MA) for experimentation. 
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2.4.2 Instrumentation 

Fluorescence measurements were performed on a Cary Eclipse Fluorimeter (Varian, 

Mulgrave, Australia), gels were run in a Bio-Rad box using a Bio-Rad volt (Hercules, CA). 

pH measurements were performed with a VWR Symphony SB70P meter (Radnor, PA). 

Gels were imaged using a Typhoon Trio from GE Healthcare (Piscataway, NJ) or a Biorad 

Gel Doc XR+ System (Hercules, CA). 

 

2.4.3 DNA sequences 

All sequences are written from the 5' to 3' end. 

Molecular Beacon Set: 

Molecular Beacon (Aptamer): [6FAM] TGA CTC TAC CAA TGT GAA CGT GAG TCA 

[Onyx Quencher A] 

MB Target (20 mer Activator): CTC AGT TCA CAT TGG TAG AG 

MB Competitor: TGA CTC TAC CAA TGT GAA CGT GAG TCA 

N Target (14 mer Activator w/ tail): CTC ACG TTC ACA TTT TAA CAG AT 

N Competitor: AAA TCT GTT AAA ATG TGA ACG TGA GTT 

 

Silver Ion Set: 

Silver 1 Aptamer (Ag1): AAC CAA TGC CTG GTT [Fluorescein dT]TT GCG ACC ACG 

CAA [Onyx Quencher A] 

Silver 1v2 Aptamer (Ag1v2): TAG TGT GCA ACG CTA GGA AGC GTT T[Fluorescein 

dT]T TTT TCC TAC CGT TGT AGG AAT G [Onyx Quencher A] 
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Silver 1v3 Aptamer (Ag1v3): GTA TAA TCG CGC TTA TA[Fluorescein dT] AAT TTG 

CCC GAA AAT TAG [Onyx Quencher A] 

Silver Competitor: CGG CCT GAC CGC GCC GTA TTT TTA CCC CGC CCT CAC CCC 

G  

Silver Full Activator:TTG CGT GGT CGC AAA AAC CAG GCA TTG GTT 

Silver Activator 10 mer (Act 10): TTG CGT GGT C 

Silver Activator 12 mer (Act 12): TTG CGT GGT CGC 

Silver Activator 14 mer (Act 14): TTG CGT GGT CGC AA 

Silver Activator 17 mer (Act 17): TTG CGT GGT CGC AAA AA 

Silver Activator 19 mer (Act 19): TTG CGT GGT CGC AAA AAC C 

Silver Activator 14 5’:ATT CCT ACA ACG GT 

Silver Activator 14 5’ A7G: ATT CCT GCA ACG GT 

Silver Activator 14 middle: GGT AGG AAA AAA AA 

Silver Activator 14 middle A8G: GGT AGG AGA AAA AA  

Silver 1v2 Stabilizer: CAT TCC TAC ACA CTA 

Silver 1v3 Stabilizer: CAT ATT TTT AAT C 

 

Thrombin Structure Switching Aptamer Set: 

TSSA1: [Fluoroscein dT]TA TAT TAA CCA GGT TGG TGT GGT TGG [Onyx Quencher 

A] 

TSSA2: TAT AT[Fluoroscein dT] AAC CAG GTT GGT GTG GTT GG[Onyx Quencher A] 

OG Ellington TSSA: [FAM] CCA ACG GTT GGT GTG GTT GG [BHQ-1] 

Competitor: TTT TTT TTT TTG GTT GGT GTG GTT GG 
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Activator 5: ATA TAT TTT T 

Activator 8: TTA ATA TAT T 

Activator 10: TGG TTA ATA T 

Activator 15: CAA CCT GGT TAA TAT 

Activator 20: CAC ACC AAC CTG GTT AAT AT 

Activator 25: CCA ACC ACA CCA ACC TGG TTA ATA T 

TAMRA TSSA1: [TAMRA] TAT ATT AAC CAG GTT GGT GTG GTT GG[BHQ-2] 

 

PfLDH Aptamer Set: 

PfLDH Aptamer: GTG TTT CTG GGC GGT AGA T(FAM)AC CAT AGT GAC CCA 

GCC TAT GG-BHQ-1 ATT TGT G 

PfLDH Competitor with T: TTC TGG GCG GTA GAT ACC ATA GTG ACC CAG AA 

PfLDH Competitor without T: TTC TGG GCG GTA GAA CCA TAG TGA CCC AGA A 

Stabilizer: CAC AAA TCC ATA GGA AAC AC 

 

Mercury (II) ion Set: 

Mercury Aptamer: TTC CAT GCG TGG AA[Fluorescein dT] TTG CGA CCT CGC AA 

[Onyx Quencher A] 

13 mer Activator: TTG CGA GGT CGC A 

17 mer Activator: TTG CGA GGT CGC AAA TT 

20 mer Activator: TTG CGA GGT CGC AAA TTC CA 

Competitor: CGC GAT TTC CCT TTC CCT TTC CCT TTC CCG TTT TTA CGG GTT 

TGG GTT TGG GTT TGG GTT TTC GCG 
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H-6 Set: 

3' Aptamer: CCT CAG ACA GGT TTG GTC TGG TTG G[BHQ-1]G TTT GGC TCC TGT 

GTA CGT [T-CAL Fluor Orange 560]CC AAA 

5' Aptamer: CC[T-CAL Fluor Orange 560] CAG ACA GGT TTG GTC TG[BHQ-1] GTT 

GGG TTT GGC TCC TGT GTA CGT TCC AAA 

Competitor: CGT ACA CAG GTT GGT CTG GTT GGG TTT GGC TCC TGT GTA CG 

Stabilizer/Activator: TTT GGA ACG TAC ATT CTG AGG 

 

2.4.4 Fluorescence Measurements 

Measurements for the molecular beacon, mercury, and PfLDH, aptamers with FAM 

dye were taken with excitation of 495 (± 5) nm and emission of 515 (± 10) nm with an 

average acquisition time of 0.5 s using a fluorescence cuvette from Starna Cells (Atascadero, 

CA). Measurements for the molecular beacon aptamer with TAMRA dye were taken with 

excitation of 550 (± 5) nm and emission of 580 (± 5) with an average acquisition time of 0.5 

s using the same quartz fluorescence cuvettes. Measurements for mercury (II) ions were 

performed in disposable fluorescence cuvettes from VWR (Radnor, PA). The MBA, 

mercury (II) ion, PfLDH, and H6 aptamer systems collected data using the Kinetics program 

from Varian with measurements taken every 0.2 min. Aptamers were used at 2 nM, with the 

activator and competitor added to the same tube at 2 uM.  

For the silver (I) ion and Thrombin Aptamer systems, scanning measurements were 

performed to determine any shift in the fluorescence emission peak. Excitation 

measurements of 495 (± 5) and an emission scan of 510 – 660 nm for FAM dye, or an 
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excitation of 560 (± 5) nm and emission scan of 575 – 660 (± 5) nm for TAMRA dye were 

utilized. Consistently across experiments measurements were performed with a scanning 

rate of 300 nm/min, an average acquisition time of 0.2 s and data acquisition every 1.0 nm.  

For the three-step calibration method for target determination experiments, either 

aptamer or target could be added to the blank solution as the first step. Followed by the 

addition of either target or aptamer (whichever had not previously been added). Upon 

equilibration, the competitor is then added, with another equilibration, and finally the 

activator is added and equilibrium established. For the molecular beacon, working 

concentrations of 2 nM for probe, 2 uM for competitor, and 2 uM for activator were used. 

Silver(I) probe used 10 nM of probe, 500 nM competitor, and 500 nM activator. Thrombin 

probe used 40 nM probe, 500 nM competitor, 500 nM activator.  

All measurements, for either the determination of the disassociation constant or 

target concentration, included a control of probe only with no target added. Experiments 

were performed using the temperature control at 20 °C. Control solutions always included 

an addition of the activator to ensure equal saturation before and after target addition.  

 

2.4.5 Data Analysis 

Data collected with the kinetics program. 

The last five data points were averaged for the reported data point. If there were 

multiple cuvettes for a data point the averages were performed for all of the last five data 

points. Therefore if there were two cuvettes, ten points would be averaged, five from one 

cuvette, and five from the other.  
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Data collected with the scan program. 

The background, or blank, scan was subtracted from all scans at a wavelength-by-

wavelength subtraction. The lambda max was determined with the target or activator scan, 

and this was used across all scans. At the lambda max, an average was performed of the max 

+/- 2 nm. This average was used as the data point. If there were multiple cuvettes for a data 

point, the averages were averaged, and the standard error was taken from the averages only. 

 

2.4.6 Gel Electrophoresis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) gels were 

created by hand. The stacking portion of the gel was created using 3.07 mL diH2O, 1.25 mL 

1.0 M Tris HCl, 0.025 mL 0.5 % (w/v) SDS, 0.67 mL Acrylamide-bis (40:0.8), 0.025 mL 

Ammonium persulfate (APS), and 0.005 mL TEMED. The running portion was prepared 

using 10.2 mL diH2O, 7.5 mL 1.0 M Tris HCl, 0.15 mL 0.5 % (w/v) SDS, 12.0 mL 

Acrylamide-bis (40:0.8), 0.15 mL APS, and 0.02 mL TEMED. The running gel was first 

added to three-quarters of the gel mold, and water was added on the top to create a flat 

surface. After the gel polymerized, the water was poured off and the stacking portion was 

added to the top quarter, and the lane comb was added.  

Samples were prepared with sample buffer (10 % (w/v) SDS, 10 mM DTT, 20 % 

Glycerol (v/v), and 0.2 M Tris HCl), and heated to 95 °C for 10 minutes. After loading 

samples, gels were run at 180 V for 30 minutes with a running buffer of 25 mM Tris HCl, 

200 mM glycine, and 0.1 % (w/v) SDS. 
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2.4.7 Protein Transfection 

E. Coli BL21 (DE3) pLysS-T1R competent cells were transfected with plasmids for 

Plasmodium falciparium lactase dehydrogenase (PfLDH) and human lactase dehydrogenase 

(hLDHb) proteins using the protocol from Sigma-Aldrich. Briefly, cells, plasmids, and 

control DNA were removed from -80 °C storage and allowed to thaw on crushed ice for 5 

min. Control DNA was added to one tube of cells by adding 1 uL of cells and flicking the 

tube to mix then returned to ice. The PfLDH vector (at 29 ug/uL) was added to 2 tubes at 50 

ng/tube, and the hLDHb vector (at 9.5 ug/uL) was added to 2 tubes at 50 and 40 ng/tube 

respectively. Cells were incubated on ice for 30 minutes followed by heat shock at 37 °C in 

a water bath for 45 seconds and returned to ice for 2 minutes. Super Optimal broth with 

Catabolite reduction (SOC) medium was added to the cell tubes at 450 uL then the solutions 

were transferred to culture tubes and incubated at 42 °C with shaking at 230 rpm for an 

hour. Cell solutions were spread on kanamycin LB agar plates at 30, 60, and 90 uL per plate. 

Once dry, plates were incubated overnight in the warm room at 42 °C.  

Plates were determined to not have grown any cultures resulting from failed 

transfection. The liquid cultures were used again on plates, as the cultures were kept at 4 °C 

and parafilmed after use. Only hLDHb showed growth and three colonies were selected for 

growth overnight in liquid cultures. Cultures were split 1:50 for 100 mL growths and grown 

until OD600 = 0.5. Glycerol stocks were made for future use, while additional cultures were 

incubated overnight for vector miniprep. 

A StrataPrep Plasmid Miniprep kit (Stratagene) was used to retrieve plasmid DNA 

for sequencing; procedures were followed and described briefly here. Cultures were spun at 

15,000 rpm for 30 seconds to pellet and the supernatant was discarded. Multiple spindowns 
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were performed to get most of the supernatant off the sample. Cells were lysed using a 

stepwise addition of chemical 1,  and cells were re-suspended by vortexing, followed by 

additions of Chemical 2 and Chemical 3. Supernatant was removed after spinning for 5 

minutes and transferred to a microspin cup and spun for 30 seconds. Nuclease removal 

buffer was washed through the sample followed by wash buffer. The filtrate was kept and 

concentrations were found using the nanodrop; culture 1 was 89 ng/uL, culture 2 was 72.1 

ng/uL and culture 3 was 50 ng/uL. These samples were stored at -20 °C.  

The University of California Berkeley DNA Sequencing Facility sequenced samples. 

A total of 0.5 ug of cultures 1 and 2 were sent for processing. Culture 3 did not have a high 

enough concentration for sequencing. Results of the sequencing are shown in Figure 2.23. 

Additional tubes were left at -80 °C. 

 

2.4.8 Protein Purification 

Frozen stocks of clone 2 were pulled from the -80 °C freezer and 325 uL of the cells 

were added to 5 mL of LB with 35 mg/mL kanamycin. Tubes were incubated at 42 °C at 

201 rpm for 20 hours. Cells were split at 1:100 and grown for 3.5 hours to achieve an OD600 

of 0.51. IPDG was added at 0.5 mM to induce high protein production. Cells were incubated 

for an additional 4 hours then pelleted for 30 minutes at 5,000 rpm (2400 – 4400 x g), the 

supernatant was poured off and pellets were refridgerated overnight at 4 °C.  

 A lysis buffer (50 mM Tris HCl, 0.3 M NaCl, 20 mM imidazole, pH 7.5, SigmaFast 

Protein Inhibitor, >250 U benzonase) was added to the pellets, swirled, and let sit on ice for 

30 minutes. Pellets were re-dissolved using swirling and vortexing. Ultimately cells were 

lysed by sonication in a water bath. Lysed cells were transferred to centrifuge tubes for 
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pelleting at 14,000 rpm for 20 minutes. Pellets were kept as a control, and supernatant was 

loaded onto a GE Healthcare His-trap crude column (1 mL). After loading the supernatant, it 

was allowed to interact with the column for 1.5 hours before performing a wash (HK Buffer: 

25 mM Tris HCl, 0.1 M NaCl, 20 mM Imidazole, pH 7.5) of 40 mL and letting sit for an 

additional hour.  

The column was eluded with 5 column equivalents (5 mL) each of increasing 

concentrations of imidazole in HK buffer. The four concentrations were 50, 100, 250, and 

500 mM imidazole total in HK buffer (instead of 20 mM). Each of these increasing 

concentrations were considered a fraction, with the last imidazole concentration split into 5 

fractions of 1 mL each. Each fraction was measured using UV/Vis spectroscopy at 

wavelengths of 260, 280, and 320 nm. Protein concentration was determined using the 

equation: 

 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 = 1.55 𝜆!"# − 0.76(𝜆!"#) Eqn. 3 

 

Samples with concentrations above 0.2 were considered to have the protein hLDHb in high 

and pure enough concentrations. 

 SDS-PAGE gel was performed on the fractions to confirm the contents of the 

fractions. As compared to provided PfLDH, approximately the same MW as hLDHb, 

fractions 4-11 have the same MW, but have two bands, one in a distinctly higher molecular 

weight band than the expected LDH band.  

Fractions 6 – 11 were pooled (~10 mL) and concentrated using a 3 KDa MW cutoff 

spin method for 20 minutes at 2400 x g. Fractions 4 and 5 were not included as they did not 

contain any protein according to the spectroscopy analysis. After this concentration, the 
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concentrated portion was transferred to another concentrator with 30,000 Da cutoff and spun 

for 20 minutes at 2400 x g 4x to obtain ~ 1 mL of concentrated protein. This protein was 

stored at -20 °C and used in experiments with his-tags and for PfLDH experiments.  

The concentrated protein was then dialyzed using a Thermo-fisher slyde-a-lyzer 

dialysis cassette with a 3500 MW cutoff for volumes of 0.5 – 3.0 mL to remove excess 

imidazole. Dialysis was performed with HK buffer for 3 hours, and then buffer was 

exchanged for fresh, and left for 48 hours.  

 

Figure 2.23 Sequence alignment of human LDH b with two different transfection colony clones. The 
asterisks under the alignment show an exact match. 
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This chapter in part adapted from: 

Kallewaard-Lum, H.M., Larisch, M., and Plaxco, K.W. 2016. “A single-tube, three-

measurement approach to calibrated beacons using DNA structure switching aptamers in 

complex samples.” In Preparation. 
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