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ABSTRACT 

After the Flint Water Crisis, there has been heightened public awareness on threats to 

potable drinking water, especially those induced by existing infrastructure. One such threat has 

been identified as a group of waterborne pathogens known as opportunistic premise plumbing 

pathogens (OPPPs). OPPPs exhibit thermal-tolerance, disinfectant-resistance, and growth under 

oligotrophic conditions, which make water distribution systems favorable habitats for their 

survival. Legionella pneumophila is one of the most notorious OPPPs and is presently one of the 

most threatening waterborne pathogens, particularly in developed countries. Reported cases of 

Legionnaires’ disease have increased dramatically since the turn of the century. It is clear that 

this is a serious public health concern that could be better mitigated by improved forms of 

detection of the pathogen before human exposure. Biosensors have been identified as a potential 

source of on-site monitoring for pathogenic threats. This thesis focuses on optimizing the 

application of DNA as a bioreceptor for detection of L. pneumophila. The first chapter provides 

information on existing forms of detection for monitoring waterborne pathogens, OPPPs, DNA-

based biosensors, as well as DNA quantification and hybridization. There is a discussion on 

current gaps and challenges with existing methods of waterborne pathogenic monitoring and the 

review of numerous electrochemical DNA-based biosensing schemes developed specifically for 

pathogen detection. The second chapter explains two different methodologies employing the 

Qubit fluorometer developed for selective quantification of DNA that isolates and measures 

single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA). The first method allows for 

accurate quantification of DNA probes that contain both ssDNA and dsDNA, such as hairpins. 

The next method provides a means to quantify dsDNA present post-hybridization, when in 

solution with excess unhybridized ssDNA. These methodologies prove important to measure the 
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number of probe copies in solution and the hybridization efficiency of a DNA probe. The third 

chapter compares hybridization efficiencies capable for linear (LSP) and dangling-ended hairpin 

(Key) DNA probes, both in solution and immobilized on a magnetic microparticle surface. In the 

third chapter, data is provided that displays linear DNA probes that have higher affinity for the 

target DNA sequence than dangling-ended hairpin probes, when hybridized in a solution of 

ultrapure water. Ultimately, when hybridization efficiency is quantified again with the probes 

immobilized, there is not a significant difference in hybridization between the two different 

structures. The final chapter covers conclusions, engineering significance, and recommendations 

for future work. Through this research, more information about the application for DNA probes 

in biosensors was collected. The linear DNA probes observed higher sensitivity than the hairpin 

probes for detection in solutions absent of salt. However after immobilization, probe structure 

did not yield a significant change in sensitivity for detection, in a buffered saline solution. These 

results can be used to further optimize DNA-based biosensors.
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CHAPTER 1. GENERAL INTRODUCTION 

Maintaining safe, potable water is vital to the proliferation of every civilization across the 

globe (1). Between the obvious threats, such as industrial pollution, and the pervasive, more 

recently acknowledged threats, such as pharmaceuticals, personal care products, and 

opportunistic pathogens, water quality is both a pertinent and growing field of scientific study 

(2–5). To protect public health, known threats to the quality of drinking water need to be 

monitored in real-time. Monitoring for dangerous pollutants allows for rapid response to 

contamination, preventing the spread of pollution while protecting public health and water 

security (6–8).  

Potable water quality is dynamic and changes depending on geographic location, 

infrastructure, water age, and countless other factors (9, 10). Even if water has undergone 

treatment, the degradation of quality can occur while contained and transported in water 

distribution systems. As witnessed in Flint, Michigan, infrastructure and source water can be 

detrimental on drinking water, and fluctuations in water chemistry can have immense influence 

on pathogen abundance. If conditions are favorable, water distribution systems can be a 

conducive habitat for dangerous pathogens (11). Opportunistic premise plumbing pathogens 

(OPPPs) are robust microorganisms capable of thriving in plumbing systems (12). Illnesses 

induced by these pathogens are on the rise and will continue to increase without a timely mode 

of detection (13). Although water provided through public water systems receives treatment, 

upholding the quality of potable water is not the sole responsibility of the municipality. Property 

owners carry the responsibility of ensuring their premise plumbing does not deteriorate the water 

quality prior to reaching the tap (14). Simple management practices, such as increasing the 

temperature of hot water heaters, removal of any faucets or showerheads that induce 
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aerosolization, routinely disinfecting showerheads, application of microbial filters at faucets and 

showerheads, and flushing pipes after periods of stagnation, have been noted as means to 

mitigate OPPPs or lower exposure, yet depending on the ownership of the property, these might 

not even be possible for an individual (12, 15, 16).  If an individual is concerned with the quality 

of their potable water, the Environmental Protection Agency (EPA) suggests contacting the local 

health department or a state certified laboratory for testing (17). However, this does not provide 

real-time monitoring for threats that could accumulate over time. 

To protect public health and ensure adequate water quality within premise plumbing, 

monitoring devices need to be integrated within water distribution systems. Biosensors have 

been identified as a means of highly specific detection or quantification that can support in situ 

monitoring, distinguishing biosensors as a propitious solution to this issue (18). This research 

focuses on the optimization of biorecognition via DNA hybridization to determine DNA 

structures most suitable for detection of pathogens in premise plumbing water. 

Methods of Detection for Waterborne Pathogens 

Common forms of waterborne pathogen detection involve cultural, phenotypic, or 

molecular techniques (13). Cultural methods involve inoculation of a plate prepared with media 

to encourage the multiplication of microorganisms till observable colonies have formed. 

Cultured colonies can be counted to determine the severity of the microbiological threat (19). 

Unfortunately, multiple waterborne pathogens are capable of entering a viable but non-culturable 

(VBNC) state, decreasing the applicability of conventional culture methods (20, 21). 

Furthermore, conventional culture methods need days to produce results (22). Comparatively, 

phenotypic and molecular methods have faster response times, and thus, prove to be powerful 

tools for swift risk assessment. Phenotypic assays employ detection of physiological 

characteristics specific to the targeted pathogen, such as immunoassays that utilize antibody-
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antigen interactions (13). These immunological techniques exist in a variety of configurations, 

such as immunofluorescence assays and enzyme-linked immunosorbance assays (ELISA), which 

employ antibodies conjugated with fluorescent or enzymatic labels for signal production (23, 

24). Yet, constraints associated with antibody-based methodologies have been reported, such as 

low sensitivity, the need for pre-treatment, and cross-reactivity with other close antigens (22, 

25). Since some opportunistic pathogens have the ability to survive inside amoebae, pre-

treatment steps, such as cell lysis, can be pivotal for target antigens that exist intracellularly (26, 

27). Molecular methods generally involve identification of biomarkers that contain specific 

genetic information. Many of these techniques, such as florescence in situ hybridization (FISH), 

DNA microarrays, and types of polymerase chain reaction (PCR), are reliant on detection via 

hybridization events with target sequences (13). FISH is a method that employs rRNA probes 

containing fluorescent labels (25). These methods can detect intracellular targets but have been 

criticized for low sensitivity, arduous procedures, and the influence of signal production based 

on physiological conditions of the targeted organism (28). Other molecular methods require the 

pre-treatment step of DNA extraction (29). DNA microarrays rely on hybridization with DNA 

probes that are immobilized to capture and isolate a target sequence. Although a potential tool 

for multiplexed detection, DNA microarrays have also been criticized for their lack of sensitivity 

(28, 30). PCR, and the multiple variations such as mPCR and qPCR, utilizes primers that amplify 

a target sequence of DNA. As a result of the amplification step, PCR is a sensitive methodology, 

yet it is challenged by the need for specific primers and reaction conditions. Improvements in 

terms of sensitivity can be made by combining techniques; methods that rely on hybridization for 

detection, such as DNA microarrays, have been combined with PCR to amplify target DNA 

sequences and increase sensitivity of the method (25, 29). However, all previously described 
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methods experience constraints based on time, representative sampling, trained personnel, or 

application of specialized equipment suited for a laboratory setting (13, 31). Even with OPPPs a 

prevalent origin of disease in the potable water of developed countries (32–34), there is presently 

no consensus on strategies for monitoring OPPPs. As the threat of OPPPs continue to grow, so 

does the need for dependable monitoring methodologies (13), and biosensors have been noted as 

a potential solution for continuous, on-site monitoring that permit faster detection without the 

need for trained personnel (35, 36). 

Opportunistic Premise Plumbing Pathogens 

Opportunistic premise plumbing pathogens (OPPPs) are microorganisms that have 

adapted to growth and persistence in the premise plumbing that stores and supplies potable water 

(12). OPPPs share a number of characteristics that contribute to their proliferation in water 

plumbing systems, including thermal-tolerance, disinfectant-resistance, and growth under 

oligotrophic conditions. As a result of the thermal-tolerance, even water that passes through hot 

water heaters is susceptible to the presence of OPPPs (27). Since OPPPs are relatively chlorine 

resistant, they proliferate while other competitors for nutrients are eradicated by the disinfectant 

(12). In addition, OPPPs are known for displaying resistance to amoeba phagocytosis, meaning 

they can survive, and even proliferate, within the confines of other microorganisms. Other 

factors that connect OPPP presence to infrastructure include water age and characteristics of the 

piping material (37). Premise plumbing supplied on the outer periphery of the distribution system 

experiences longer residence times. This can mean lower concentrations of residual chlorine for 

control of pathogens (9). In addition, periods of stagnation can lead to increased growth of 

biofilms and dangerous microbiota. Therefore, buildings that experience intermittent flow and 

routine periods of stagnation are particularly susceptible to elevated concentrations of pathogens 

(12). Age of the piping material can be another influencing factor on the water chemistry in 
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premise plumbing. For example, the increasing age of pipes containing iron has been noted to 

correlate with corrosion that leads to increased release of iron (38). Iron corrosion can induce 

chlorine degradation, and iron can act as a nutrient source for pathogens (39). From the first 

deadly outbreak in 1976 in Philadelphia, Pennsylvania to the outbreak in Flint, Michigan nearly 

40 years later, L. pneumophila is one of the most notorious OPPPs and is presently one of the 

most threatening waterborne pathogens, particularly in developed countries (40). The annual cost 

of infections in the United States associated with Legionella spp. alone has been estimated to be 

over 430 million dollars (12). According to the Centers for Disease Control (CDC) and the 

National Notifiable Diseases Surveillance System (NNDSS), since the turn of the century, 

reported cases of Legionnaires’ disease have increased over five times, as seen in Fig. 1.1. 

 

Figure 1.1. Reported cases of Legionnaires’ disease since the beginning of the 21st century, made 

available by the CDC and NNDSS (41). 
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Although it is unclear whether the dramatic increase in the occurrence of Legionnaires’ disease is 

due to an increasing immunologically susceptible population, increasing awareness of testing, or 

increasing prevalence of Legionella, Legionnaires’ disease is clearly a serious public health 

concern that could benefit from improved forms of detection (41). 

As a preliminary evaluation of the extent of OPPP contamination in premise plumbing, I 

collected potable water at a public school located in Sevier County, Tennessee. The water 

samples were screened for five bacterial species and three genera that have been identified as 

OPPPs. The original building was constructed in the early 20th century. Since then, additional 

construction has increased the size of the school. The specific history of the school’s premise 

plumbing and infrastructure was not readily available, but water samples were collected 

throughout the school. Water samples were collected from taps at the front, middle, and back of 

the school, with the building’s age increasing from front to back. To screen for pathogens, DNA 

primers were used to amplify target sequences via PCR. The amplified sample was then 

visualized by gel electrophoresis to determine the absence or presence of the targeted DNA 

sequence. The presence or absence of the target pathogens at the sampling location is shown in 

Table 1.1. Targeted genes, primer sequences, sequence specific PCR protocols, and sequence 

references are provided in Table A.1. Although most faucets in the school did not appear to be 

contaminated with pathogens, the results did confirm the presence of Mycobacterium spp. and 

Legionella spp. Mycobacterium spp. was found at faucets at the front, middle, and back, while 

Legionella spp. was only found in the back of the school. This case study reveals the presence of 

potential pathogenic threats to public health, and the need for improved forms of detection, 

especially at locations largely visited by populations of individuals with compromised immune 

systems (12), such as nursing homes and hospitals. 
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Table 1.1. OPPPs screened at various locations in the school via PCR and electrophoresis gels. 

Red means the presence of the listed pathogen; otherwise, black means it was not detected. 

Pathogen Front Middle Back 

Acinetobacter baumannii    

Aeromonas hydrophila    

Legionella spp.    

Legionella pneumophila    

Methylobacterium spp.    

Mycobacterium spp.    

Mycobacterium avium    

Pseudomonas aeruginosa    

 

Biosensors 

 According to the International Union of Pure and Applied Chemistry, a biosensor is 

defined as an integrated receptor-transducer device, which is capable of providing selective 

quantitative or semi-quantitative analytical information using a biological recognition element. 

Biosensors have broad applicability and flexibility and can be engineered to identify a plethora 

of analytes, including both organic and inorganic targets (42). These devices have undergone 

successful implementation in environmental monitoring, food safety, and biomedicine (43, 44). 

Biosensors have even been developed for identifying and measuring specific microbial species 

(18), making these devices ideal for detection of OPPPs. Depicted in Fig. 1.2, a biosensor is 

composed of two major components: a bioreceptor and a transducer. A multiplicity of 

combinations of bioreceptor and transducer exist, depending on the target analyte. Providing a 

holistic list of bioreceptors and transducers is a difficult task, considering the realm of biosensing 

is still growing and evolving. Essentially, a bioreceptor is any organic body that detects any 

particular analyte from the medium of interest, while remaining irresponsive towards other 
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potentially interfering species; a transducer is the mechanism that converts the response of the 

bioreceptor into a measurable signal (45). 

 

Figure 1.2. Diagram of the two major components of a biosensor (46). 

When selecting bioreceptor and transduction elements, a plethora of factors must be 

considered, including specificity, sensitivity, portability, and affordability, among others (47). 

Commonly utilized bioreceptors include whole cells, phages, enzymes, antibodies, and nucleic 

acids (24). When comparing the commonly employed bioreceptors, nucleic acids appear to have 

multiple strengths. DNA-based biosensors are simple, cost-effective, and fast (30). Diverse 

immobilization strategies exist for nucleic acids that exhibit stability over long periods of time 

(48). Unlike other bioreceptors, nucleic acid probes can be produced via chemical synthesis and 

regenerated for reuse (22, 49). Nucleic acids also hold the potential for reagentless and label-free 

detection, removing the need for sacrificial substrates (50). Transduction elements often involve 

either optical or electrical responses that allow for detection of the target (51). Two broad forms 

of signal transduction include electrochemical and optical techniques. Even though proven to be 

sensitive methods, optical techniques, such as spectrometry, typically require expensive and 

large equipment that are better suited for a laboratory setting. For electrochemical techniques, 
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there is an ease of miniaturization for electrode systems and an ability to work with turbid 

samples (24, 30, 52). Acknowledging the functionality of this detection scheme, various studies 

have been conducted in the field of electrochemical DNA-based biosensors for pathogen 

quantification and detection (53). An immense variety of research endeavors have focused on the 

implementation of DNA for electrochemical biosensing; to briefly describe trends, advances, and 

difficulties in this area of biosensor development, a small pool of relevant biosensors for 

pathogen detection has been selected for discussion.  

Sandwich DNA hybridization is a common strategy for electrochemical DNA-biosensors, 

which involves two separate hybridization events to isolate target DNA with a capture probe that 

is immobilized on an electrode surface and a signal probe that has been functionalized to have a 

quantifiable electrochemical response (54). An example of a sandwich-based biosensor is 

depicted in Fig. 1.3. In one DNA sandwich detection scheme by Wang et al., a capture probe 

immobilized on a gold surface was utilized to bind with target DNA (55). 

 

Figure 1.3. Example of a sandwich DNA hybridization strategy for biosensing detection. 

Adapted from (56). 
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This was followed by a secondary hybridization event that occurred between the target and 

immobilized DNA with a signal probe containing biotin. Conjugates composed of streptavidin, 

gold nanoparticles, and 6-ferrocenylhexanethiol attached to the biotinylated signal probe. Using 

the redox reaction of ferrocene at the electrode surface, this sensing scheme was capable of 

quantifying target DNA voltammetrically. This DNA-based biosensor displays the applicability 

of using DNA to not only isolate targets, but also label them for signal production. In a different 

study, a PCR-coupled electrochemical biosensor was designed for quantification of L. 

pneumophila (57). The biosensor employed a sandwich-based DNA assay with the target strand 

hybridized between a signal and a capture probe. The first hybridization event occurred between 

the target sequence and biotinylated signal probe. Then, the hybridized target and signal probe 

were exposed to the immobilized hairpin capture probe. After both hybridization events, the 

sample was exposed to alkaline phosphatase enzymes conjugated to streptavidin. The enzymatic 

response to a substrate was quantified via differential pulse voltammetry (DPV). This sensing 

mechanism displays the functionality of using DNA as a bioreceptor, yet the incorporation of 

PCR reveals the need to carry out sample preparation to generate a larger signal for detection. 

Another electrochemical DNA-based biosensor that incorporates ferrocene was developed to 

target Legionella DNA by Rai et al. (58). Unlike the previously discussed schemes, this 

biosensor relied on only one hybridization event between the immobilized hairpin capture probe 

functionalized with ferrocene and the target DNA. The presence or absence of ferrocene at the 

electrode surface was utilized to determine hybridization with the target DNA via DPV. 

Although this biosensing mechanism boasts label-free detection, it still required the application 

of a sacrificial redox reagent for electrochemical detection. In fact, each aforementioned 

biosensor required the use of sacrificial reagents or signal probes that could not be recovered or 



www.manaraa.com

11 

 

reused, which could be a limiting factor in the lifecycle of the sensor, increasing the cost and 

complexity of the test. Regardless, these biosensors point to the diversity and novelty possible in 

the realm of DNA-based electrochemical detection, as well as the incentive to create a 

functional, affordable system with regenerative or reusable signal production. 

 The progression of microfluidics, microfabrication, and nanotechnology has also had a 

direct impact on the architecture of biosensors. With major motivations for biosensors to become 

more sensitive and functional, research has proven the importance of including new materials to 

improve sensitivity and reusability of biosensors (59). In one study, streptavidin coated magnetic 

beads were utilized for the development of a microarray for multiple oligonucleotides. A major 

noted advantage for the application of the magnetic particles was the increase in sensitivity due 

to the ability to wash away other potential sources of cross-reactivity (60). Another biosensing 

system enlisted the power of magnetic beads to isolate an E. coli specific gene. Due to the 

complex nature of real samples, magnetic separation was noted as an effective means of target 

isolation. For this sensing scheme, daunomycin was utilized as a hybridization indicator, still 

requiring the application of a sacrificial reagent. However, this study achieved a detection limit 

of 50 cells/mL without pretreatment (61). In a study by Hu et al., the functionality of magnetic 

separation was also displayed in the ability to recover and reuse magnetic particles 

functionalized with DNA (62). The schematic presented in Fig. 1.4 displays one potential 

microfluidic design for the incorporation of magnetic particles in an electrochemical DNA-based 

biosensor. 
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Figure 1.4. Schematic of a potential microfluidic device for an electrochemical DNA-based 

biosensor. Adapted from (63). 

There has even been described the unique application of streptavidin coated magnetic beads 

through integration of the particles with primers for application with isothermal PCR. The 

reverse primers were attached to the magnetic beads and the forward primers were tagged with 

gold nanoparticles, which were used for the electrochemical detection via chronoamperometry 

(64). These sensors provide just a few examples of how advances in materials are driving 

innovation and improving the realm of biosensors.  

 It is important to note that as new materials are developed and being applied to improve 

biosensor performance, advances in biology and DNA hybridization are also improving the 

selectivity and sensitivity of DNA bioreceptors. Nucleic acids have manipulative structures that 

can be engineered into a variety of structures that consequently can alter hybridization affinity. 

In multiple biosensors, the application of the hairpin DNA structure has been described not only 

as a method to aid in label-free detection, but also increase the selectivity of hybridization (58, 
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65). In one study, a biosensing scheme integrated triplex-forming oligonucleotides into a 

tetrahedral DNA nanostructure that would bind to the base of the tetrahedral structure in the 

presence of the target DNA (66). As similarly reported in other biosensor studies, the switching 

DNA contained a redox reporter, yet the unique DNA nanostructure aided in suppressing 

background noise. Furthermore, the bioreceptor exhibited a rapid response time of approximately 

35 minutes and simple regeneration through application of a buffer. In a different study, DNA 

nanomaterial was once again exploited for electrochemical detection by Y-shaped DNA 

composed of three different sequences (67). In the presence of the target sequence, the Y-shape 

was disrupted, inducing a chain of hybridization reactions. The substantial structural changes that 

occurred as a result of the hybridization event was quantifiable through cyclic voltammetry (CV) 

and electrochemical impedance spectroscopy (EIS). Through the aforementioned selected 

examples of DNA-based electrochemical biosensors, it is clear that even this specific niche of 

biosensors has wide range and diversity of designs, compositions, and materials.  

DNA Quantification  

As mentioned previously, forms of DNA quantification are applicable methodology for 

determining the threat of L. pneumophila and other pathogens that cannot be readily cultured 

(13). DNA quantification is often the precursor to more complex DNA analysis, such as DNA 

sequencing, and is necessary for the process of developing and optimizing the use of DNA as a 

bioreceptor. Two of the most common forms of measuring DNA concentration in a laboratory 

setting are spectrophotometry and fluorometry (68, 69). Spectrophotometry can be used to 

quantify the concentration of DNA based on Beer-Lambert’s law (70). When using 

spectrophotometry, the amount of light absorbed at 260 nm is proportional to the amount of 

DNA present, while the ratio of absorbances for 260/280 and 260/230 nm can be used to 

determine sample purity (71). Fluorometric methods require the application of dyes or 
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fluorochromes, which fluoresce corresponding to concentrations of DNA (72). 

Spectrophotometry methods utilize small sample sizes and has the added benefit of no additional 

reagents (73, 74). However, spectrophotometry does not provide specificity for differentiating 

single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA). Comparatively, 

fluorometric techniques provide more sensitive and selective detection for DNA quantification 

(69). Fluorochromes are capable of achieving quantification of concentrations lower than that of 

spectrophotometric means, as well as selective binding to ssDNA or dsDNA (75). The ability to 

measure low concentrations of DNA can be of utmost importance, especially when working with 

samples that contain low concentrations of biomass, such as samples from premise plumbing 

(13). qPCR involves the amplification of target DNA alongside fluorometric techniques for 

quantification of specific DNA sequences. These methods can involve the incorporation of dyes 

or functionalized DNA probes. Although a sensitive method for DNA quantification, the 

methodology requires application of specific primers, can be influenced by sample conditions, 

and does not differentiate between ssDNA and dsDNA (71).  

Two instruments commonly found in laboratories that conduct spectrophotometric and 

fluorometric techniques for DNA quantification are the NanoDropTM Spectrophotometer and 

QubitTM Fluorometer, respectively (68). Comparative studies have claimed the Qubit fluorometer 

to be more sensitive than the NanoDrop spectrophotometer for quantifying DNA (76, 77). In 

addition to sensitivity, selectively differentiating DNA structure can be pivotal for quantifying 

DNA in a sample containing both ssDNA and dsDNA, or even quantifying concentrations of 

DNA that exist as a complex structure. Although ssDNA and dsDNA have different extinction 

coefficients (78), both forms still absorb light at 260 nm. Therefore, spectrophotometric 

techniques struggle with reliable quantification that can detail structural intricacies. Despite 
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being more sensitive and selective, it has been reported that Qubit assays for dsDNA 

measurement still detect 2–10% of pure ssDNA for the majority of the quantifiable range (79). 

Although the NanoDrop cannot be readily used for measurements of DNA that contain 

both ssDNA and dsDNA, there have been attempts to add sample treatment steps in conjunction 

with the spectrophotometric measurement to produce more dependable quantification. In a study 

by Nwokeoji et al., a spectrophotometric method for accurate quantification of nucleic acids was 

developed through determination of hypochromicity by comparing absorbance of nondenatured 

and denatured sequences (80). A variety of methods exist to denature DNA, including heat 

exposure, sonication, raising the pH, and increasing the salt concentration, among others (81). To 

ensure prolonged denaturation of the nucleic acids, the samples were exposed to dimethyl 

sulfoxide (DMSO) and thermal treatment. Through this method, more accurate extinction 

coefficients were produced, ultimately yielding more accurate measurements. In addition, the 

hyperchromic effect was utilized to calibrate changes in absorbance with respect to the 

percentage of double-stranded nucleic acids, allowing for the specific quantification of double-

stranded and single-stranded structures in solutions containing both. The accuracy of the 

methodology was displayed in the ability to quantify the relative proportion and concentration of 

standards containing 25% and 50% double-stranded RNA (dsRNA), as 24.4% and 49.1% 

respectively. Although the method is described as applicable to dsDNA, the lowest relative 

proportion and concentration for dsRNA reported was 15.2% (175.7 ng/L); thus, this method 

might be best suited for situations in which there is an excess of nucleic acids available for 

quantification. Accurate, selective quantification of different DNA structures can be particularly 

crucial when ssDNA is present with complementary sequences, potentially yielding hybridized 

duplexes and mixed solutions of ssDNA and dsDNA. Fluorometry has been utilized to quantify 
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hybridization via labeling DNA probes with fluorophores or quenchers that either fluoresce or 

stop fluorescing after hybridizing with the complementary strand. Consequently, the change in 

fluorescence can be used to quantify the hybridization event (82). Detection of hybridization via 

functionalized DNA probes with fluorescent labels has been used in a variety of studies (83–86). 

However, synthesizing labeled oligonucleotides is an expensive process (87, 88). In a sample 

containing unknown ratios of hybridized duplexes, DNA probes, and complementary sequences, 

it is currently not possible to discern how much of the signal is generated by ssDNA or dsDNA, 

without additional sample treatment or functionalization. 

DNA Hybridization  

 At the crux of a DNA-based biosensor is DNA hybridization. Understanding 

hybridization is pivotal to the success of implementing DNA as a bioreceptor. Factors 

influencing hybridization and stability of DNA duplexes include temperature, solution 

composition, and sequence composition, among others (89). As the field of DNA-based 

biosensors has grown, there has been diverse application of DNA in different structural forms. 

Understanding how structural differences of the DNA influence binding affinity is beneficial to 

the application of nucleic acids in biosensors. DNA can take a variety of forms and exist in 

diverse structures (90). DNA exhibiting some of the structures seen in Fig. 1.5, have been 

applied to DNA detection and quantification technologies, due to the more selective or sensitive 

hybridization that these structures provide (65, 91). For example, a vast amount of studies has 

been conducted utilizing the classic hairpin structure, as a result of its applicability and 

functionality in the realm of biosensors (58, 92, 93). Due to the self-annealing segment that 

shields the sequence, hairpins have been shown to increase the selectivity of a binding event. The 

activation energy necessary to open the hairpin loop and hybridize shows to be more selective 

compared to hybridization with linear DNA probes (94). 
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Figure 1.5. Examples of DNA motifs that are available through intramolecular and 

intermolecular interactions (89). 

The potential influence on hybridization efficiency of hairpin structures with dangling ends has 

also been reviewed. One study found that immobilized DNA probes, with a dangling end, 

yielded better rates of hybridization compared to other linear DNA probes (83). The underlying 

theory behind the improved hybridization efficiency is partially a result of the additional stacking 

interactions with the structured probe at the dangling end, which yields greater stability and 

quicker reaction kinetics, compared to linear probes (91). 

In the context of a biosensor, hybridization commonly involves immobilized DNA 

probes. Hybridization with surface-tethered DNA introduces other factors, such as probe density 

and surface geometry (95). The thermodynamics of solution-phase hybridization can be 

sufficiently predicted via the nearest-neighbor model (90). However, nucleic acid hybridization 

at an interface involves additional complexities, when compared to hybridization in solution 
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(95). With major motivation for biosensors to become more sensitive and functional, research 

has shown the importance of including new materials to improve the functionality of biosensors. 

More studies are necessary to develop an improved understanding of how DNA structure 

influences hybridization, especially when comparing solution- and surface-phase hybridization. 

Since a multiplicity of conditions influence hybridization, these conditions and limitations should 

be explored further as means to fully optimize and improve existing DNA-based biosensors for 

pathogen detection. 

Scope of Research  

Based on the reviewed literature, there is a critical need for more development and 

optimization of methods focused on the detection and quantification of pathogenic DNA to 

protect water quality and public health. Electrochemical DNA-based biosensors have the 

potential to fill the need for in situ monitoring of water quality in premise plumbing. A vast 

amount of research has proven effective integration of nucleic acids as a bioreceptor, while 

employing different DNA structures and microfabricated materials. However, there has not been 

much research on the hairpin dangling structure as a DNA probe, particularly immobilized on a 

particle surface.  

 This M.S. research assessed the feasibility of DNA composed of different structures as 

signal probes for application in a biosensor. Through evaluation of hybridization both in solution 

and immobilized on a magnetic particle, a more holistic picture of how immobilization 

influences DNA hybridization was obtained and consequently its impact on biosensing 

application.  

The objectives of this M.S. research were to: 

1. Establish methods for accurate quantification of ssDNA probes and dsDNA after 

hybridization using the Qubit fluorometer methodology, and  
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2. Evaluate the effect of structure on DNA hybridization in solution and immobilized on a 

particle surface for optimized detection of L. pneumophila.    
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Abstract 

DNA can exhibit a variety of structural forms and characteristics. As a result of their 

versatility and biocompatibility, DNA nanostructures have wide applicability in the field of 

biotechnology. However, in order to further study and optimize this functional tool, more 

sensitive and selective methods are needed for quantifying concentrations of DNA with complex 

structures. Existing methods of DNA quantification lack the selectivity necessary to accurately 

quantify complex samples of DNA containing both single-stranded DNA (ssDNA) and double-

stranded DNA (dsDNA). Our protocol provides simple alterations of commercially available 

reagents and dyes for more reliable fluorometric quantification of DNA probes that contain both 

primary and secondary structures. Selective quantification of hybridized duplexes produced by 

DNA probes and complementary sequences also proves to be challenging due to the presence of 

unknown ratios of ssDNA and dsDNA. Another protocol is presented here for the quantification 

of dsDNA produced through hybridization events between DNA probes and complementary 

sequences. Enzymes for the selective digestion of unhybridized ssDNA are applied in this 

procedure to reduce background interference for better quantification of DNA hybridization. The 

advantages of this technique are presented in the following list:  

• It is consistent for quantifying ssDNA and dsDNA probes of different sequence lengths. 
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• It employs well-established methods of DNA denaturation and sample cleanup. 

• It uses simple instrumentation that is both cost-effective and sensitive. 

Introduction 

DNA nanostructures have diverse functionality in the realm of biotechnology and display 

the potential for vast application in point-of-care (POC) devices (1). DNA can take a variety of 

forms and exists in diverse structures, as a result of both unimolecular and bimolecular 

interactions. DNA probes exhibiting forms of unimolecular and bimolecular structure, such as 

hairpins and dangling ends, have been applied in DNA detection and quantification technologies, 

due to the more selective or sensitive hybridization that these structures provide (2, 3). To 

achieve a better understanding of how DNA with diverse structures interacts, there is a need for 

reliable, robust methods and instrumentation that can accurately quantify the amount of DNA 

regardless of structure. Two of the most common forms of measuring DNA concentration in a 

laboratory setting are spectrophotometry and fluorometry (4, 5).  Spectrophotometry can be used 

to quantify the concentration of DNA based on Beer-Lambert’s law (6). When using 

spectrophotometry, the amount of light absorbed at 260 nm is proportional to the amount of 

DNA present, while the ratio of absorbances for 260/280 and 260/230 nm can be used to 

determine sample purity (7). Fluorometric methods require the application of dyes or 

fluorochromes, which fluoresce corresponding to concentrations of DNA (8). Spectrophotometry 

utilizes small sample sizes and has the added benefit of no additional reagents (9). However, 

spectrophotometry does not provide specificity for differentiating ssDNA and dsDNA. 

Comparatively, fluorometric techniques provide more sensitive and selective detection for DNA 

quantification (5). The ability to measure low concentrations of DNA can be of utmost 

importance especially when working with samples that contain low concentrations of biomass 
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(10). Fluorochromes are capable of achieving quantification of concentrations lower than that of 

spectrometric means, as well as selective binding to ssDNA or dsDNA (11). Another available 

method is quantitative polymerase chain reaction (qPCR), which involves the combination of the 

amplification of target DNA alongside fluorometric techniques for quantification of specific 

DNA sequences. qPCR can involve the incorporation of dyes or functionalized DNA probes. 

Although a sensitive method for DNA quantification, the methodology requires application of 

specific primers, can be influenced by sample conditions, and does not differentiate between 

ssDNA and dsDNA (7).  

Two instruments commonly found in laboratories that conduct spectrophotometric and 

fluorometric measurements for DNA quantification are the NanoDropTM Spectrophotometer and 

QubitTM Fluorometer (4). Comparative studies have claimed the Qubit to be more sensitive than 

the NanoDrop for quantifying DNA (12, 13). The Qubit also has specific dye that can 

differentiate dsDNA from ssDNA. Although the dsDNA Qubit assay is selective for dsDNA, one 

study has shown that the assay has the potential to measure up to 10% of ssDNA in solution (14). 

The ability to differentiate DNA structure can be crucial with samples that contain mixed 

concentrations of ssDNA and dsDNA or DNA structures that contain sequences of ssDNA and 

dsDNA. Variations of spectrophotometric and fluorometric techniques have been applied to 

detect DNA interactions, such as denaturation and hybridization. For example, shifts in 

absorbance can be utilized to determine changes in DNA through the NanoDrop. Such methods 

have been used to evaluate effectiveness of different types of denaturation methods (15, 16) or 

the presence of different DNA structures (17). However, since the spectrophotometric method is 

not strictly specific to each structure, spectrophotometry might not be the most reliable method 

for quantification of hybridization. Fluorometry has been effectively utilized to quantify 
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hybridization via labeling DNA probes with fluorophores or quenchers that either fluoresce or 

stop fluorescing after hybridizing with the complimentary strand. The change in fluorescence can 

be used to quantify the hybridization event (18). Unfortunately, synthesizing such DNA is 

expensive (19, 20). In a sample containing unknown ratios of hybridized duplexes, DNA probes, 

and complementary sequences, it is currently not possible to discern how much of the signal is 

generated by ssDNA or dsDNA, without additional sample treatment or functionalization. 

In this chapter, two methods are presented through utilization of the Qubit fluorometer 

and compatible assays: one method for the quantification of DNA probes that contain secondary 

structure and another method for the quantification of dsDNA post-hybridization. Through this 

study, an effective form of DNA denaturation that is compatible with the Qubit ssDNA 

quantification assay is identified. In addition, enzymatic treatment is proposed as a method of 

sample cleanup and signal amplification of dsDNA resulting from hybridization. 
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Procedures 

 

Figure 2.1. Schematic of the process for quantification of structured DNA probes via denaturation with DMSO followed by 

fluorescent dye treatment. 
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Quantification of Structured DNA Probes 

1.  Stock solutions of ssDNA that spanned the desired concentration range were created. In 

this study, the linear calibration was in the range of 2.24 – 16.5 ng/L. Two stocks were 

made, since two different sources of ssDNA were used. 

2. The Qubit fluorometer was calibrated using standards provided in the quantification kit. 

3. The ssDNA quantification kit was used as described by the manufacturer to obtain 

measurements for dilutions spanning 2.24 – 16.5 ng/L of ssDNA. A total volume of 

each dilution to be at least 36 L was made to have enough sample for measurements 

with and without DMSO. Each source of ssDNA was prepared at 3 different 

concentrations to yield a triplicate data set. 

a. The dilutions were conducted by adding different ratios of ssDNA from the stock 

solution to ultrapure water. Ultimately, the sample was diluted again by adding 4 

L of the sample to 6 L of ultrapure water.  

b. After these two dilutions, 9 L of the sample was used for quantification. This 

specific dilution sequence was important for the later application of DMSO.  

4. The new assay mix with DMSO was created, and the total volume of assay was 

determined by multiplying the number of measurements by 200 µL; of the total volume, 

60% was DMSO and the remaining 40% was the buffer and dye provided in the assay kit. 

For example, for 18 samples, the total volume was 3600 µL, with 2160 µL of that being 

DMSO, 1422 µL of buffer, and 18 µL of dye.  

5. The assay mixture was vortexed, and the container holding the assay mixture was ensured 

to not be composed of a material that reacted with DMSO.  

6. The same dilutions of ssDNA from the first set of measurements were used. 
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7. Next step consisted of another dilution, yet this time, using 6 µL of DMSO and 4 µL of 

the diluted sample, instead of ultrapure water.  

8. The DNA sample was allowed to incubate in the DMSO for 1 minute at room 

temperature.  

9. Finally, 191 µL of the assay mix and 9 µL of the DNA mixed with DMSO were pipetted 

into a 500 µL PCR tube for measurement in the Qubit fluorometer.  

10. The mixture was vortexed for approximately 3 seconds and incubated for 2 minutes at 

room temperature. 

11. Since the concentrations of ssDNA were identical for both applied assays, the 

concentrations reported for the traditional application of the quantification assay were 

matched to the raw relative fluorescence units (RFUs) generated by the samples mixed 

with DMSO to create a linear calibration curve.  

12. With the calibration curve constructed, DNA of diverse secondary structures can be 

treated with DMSO and the altered assay mix applied to quantify the amount of ssDNA 

present.  

 

 

 

 

 

 

 



www.manaraa.com

  
3
4
 

 

 

Figure 2.2. Schematic of the process for quantification of DNA hybridization via enzymatic digestion followed by fluorescent dye 

treatment. 
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Quantification of DNA Hybridization 

1. The maximum concentration of complementary ssDNA that would be in the samples if 

no DNA hybridization occurred was calculated. For our specific application, it was 

calculated that if no target strand hybridized, 22.1 ng/µL of the target strand would be 

present in solution during measurement. Next, the maximum concentration of dsDNA 

that would be in the samples if complete hybridization occurred was calculated. Since 

only 8.25x1010 copies/µL of probe would be present during the measurement that was 

also the maximum concentration of hybridized duplexes possible. For this calibration, the 

source of dsDNA was a 167-mer amplified via PCR.  

2. With the maximum concentrations of DNA determined, stock solutions of ssDNA and 

dsDNA were created that covered the desired concentration ranges.  

3. The Qubit fluorometer was calibrated using standards provided in the dsDNA 

quantification kit. 

4. The dsDNA quantification kit was used as described by the supplier and measurements 

for dilutions of dsDNA across predicted concentration range was obtained.  

5. Similarly, dilutions with dsDNA across the predicted range of hybridized DNA was 

created, as done in the previous step, except it was spiked with ssDNA. For this study, to 

determine the influence of the ssDNA on the method, the range of dsDNA was tested in 

the presence of both 11.0 ng/µL and 22.1 ng/µL of ssDNA. Also, one set was tested 

without any ssDNA to determine the influence of the enzyme on dsDNA.  

6. Next, the samples containing mixed ratios of ssDNA and dsDNA were enzymatically 

treated. Five µL of the sample was transferred to a new 200 µL PCR tube. To this tube, 2 

µL of FastAP buffer, 1 µL of FastAP Alkaline Phosphatase, 1 µL of Exonuclease buffer, 

and 1 µL of Exonuclease I were also added.  



www.manaraa.com

 36 

7. The tube was then placed in the thermocycler to incubate for 2 hours at 37°C.  

8. Then, the dsDNA was quantified using the Qubit fluorometer as described by the 

manufacturer. For our data acquisition, 9 L of the sample was used.  

9. Since the concentrations of dsDNA were identically prepared for both applied assays, the 

concentrations reported for dsDNA in the absence of ssDNA were matched to the raw 

RFUs generated by the samples spiked with different concentrations of ssDNA to 

generate a linear calibration.  

10. By using the obtained calibration curve, the dsDNA formed by hybridization can be 

better quantified without excessive noise being generated by strands of unhybridized 

ssDNA. 

Additional Information and Method Validation 

 Isolation of DNA structure was a pivotal step to accurately quantify DNA with different 

structures via this developed methodology. Both sodium hydroxide (NaOH) and dimethyl 

sulfoxide (DMSO) were explored as options for chemical denaturation. For the described 

method, all DNA probes were dissolved in ultrapure water; thus, the sample pH was simple to 

regulate, and NaOH was initially examined as a chemical denaturant. Furthermore, the 

mechanism of denaturation induced by a basic pH is a well-documented process of disrupting 

secondary structure through hydrolysis of the hydrogen bonds that construct the backbone of 

DNA (21, 22). The NanoDrop was first considered to measure the DNA concentration, as it is 

commonly used for DNA quantification, does not require the use of additional chemicals or 

buffers, and considering that the samples sizes were small. Before measurement with the 

NanoDrop, samples were diluted in half with a solution of NaOH. To have a comparative 

reference, samples with the same DNA concentrations were prepared for quantification via the 
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Qubit. As a means to examine the quantification consistency between the NanoDrop and Qubit, 

two sources of ssDNA were tested; one was a 30-mer and the other a 52-mer, both of which were 

diluted and measured at five different concentrations respective to the source on both 

instruments, as seen in Fig. 2.3. 

 

Figure 2.3. Comparison between ssDNA concentrations measured with Qubit and NanoDrop. 

Samples for each form of measurement with respective instrument were done in duplicate. Error 

bars are provided for both axes and represent standard deviations. 

Although the linear regression for the averaged data (shown in Fig. 2.3) yields a 

relationship that is nearly one-to-one, the y-intercept does not cross at zero. As displayed by the 

y-intercept, in the lower concentrations tested, the Qubit was still quantifying DNA, opposed to 

the NanoDrop, which was reporting negative values. In one study, the NanoDrop was not 

capable of producing reliable measurements below concentrations of 30 ng/L (23). In 

comparative studies with the Qubit, the NanoDrop is often cited as overestimating DNA 
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concentrations (4, 24, 25), unlike the data presented in Fig. 2.3. Yet, those studies focused on 

quantification of dsDNA. In a different study, the ssDNA Qubit assay consistently reported 

higher concentrations of ssDNA, compared to the NanoDrop; the Qubit was claimed to have 

higher sensitivity, aiding in the ability to quantify low concentrations of DNA (12). However, it 

should be noted that the ssDNA Qubit assay is not strictly specific to ssDNA, meaning the signal 

could have been supplemented by dsDNA sequences. As seen by the R2 of 0.96 (Fig. 2.3), for 

this tested concentration range, the length of DNA sequence did not have a major impact on the 

quantification. Regardless, the inability to quantify DNA concentrations below 4 ng/L, dictated 

the choice to consider the more sensitive Qubit instrument, even with the necessary sample 

preparation. Although the buffers and dyes provided in the Qubit quantification kits are 

proprietary, Thermo Fisher Scientific does promote the versatility of the device and has a 

webtool to aid in the creation of custom Qubit assays that can be uploaded to the Qubit 

fluorometer (26). Since NaOH was considered as a denaturation method for the DNA samples, in 

conjunction with the Qubit assay, it was necessary to increase the pH of the buffered proprietary 

working solution created for the measurement. Unfortunately, the success of the fluorescent 

signal appeared to be pH dependent and increasing the pH prevented the dye from either 

effectively binding or fluorescing. To circumvent this problem, DMSO was considered as a 

chemical agent for denaturation. Furthermore, in a recent study comparing methods for DNA 

denaturation, a solution of 60% DMSO was the most effective chemical means of denaturation 

reviewed (15). DMSO destabilizes the base stacking interactions that lead to the ultimate 

disruption in secondary structure, and thus, ssDNA (17). Although sensitivity of the assay was 

reduced when a considerable amount of the working solution was replaced with DMSO, a viable 

range was obtained, which yielded the formation of a linear calibration, as seen in Fig. 2.4. The 
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data collected for Fig. 2.4 was completed by following the steps presented earlier for 

quantification of structured DNA probes. 

  

Figure 2.4. Linear calibration for the determination of ssDNA concentration dissolved in DMSO. 

Samples for each data point were made in triplicate, created under identical sample preparation, 

and the error bars represent standard deviations.  

The dye provided in the quantification kit is stored in DMSO, which could be a contributing 

factor as to how the assay still produced a quantifiable and discernable signal when mixed with a 

high ratio of DMSO. Once again, for this tested concentration range, the R2 value of 0.97 

indicates a strong linear relationship, regardless of applied sequence length.  

 Similar to the issues confronted with quantification of structured DNA probes, 

quantifying hybridization is also challenging based on differentiating ssDNA and dsDNA. 

However, this issue cannot be solved by denaturation. DNA hybridization occurs between two 

complementary strands, but based on the conditions in the sample, not all DNA probes will 
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hybridize into a duplex (27). Furthermore, to ensure maximum hybridization of the DNA probe, 

DNA is traditionally provided in excess, potentially leaving a high concentration of unhybridized 

ssDNA in solution (28). To demonstrate the effect of background interference from ssDNA, 

samples were prepared with the same concentrations of dsDNA, and then spiked with 

concentrations of ssDNA. As the concentration of ssDNA increased in solution, sensitivity of the 

dsDNA Qubit assay to dsDNA was reduced, as seen in Fig. 2.5. 

 

 

Figure 2.5. Measured concentrations of dsDNA spiked with concentrations of ssDNA to assess 

the effect of ssDNA on background noise. Each linear relationship represents solutions produced 

with the same concentration of dsDNA but in the presence of different concentrations of ssDNA. 

 

Therefore, the primary objective was to isolate the hybridized duplex through elimination 

of the unhybridized ssDNA. Removal of the excess unhybridized ssDNA would induce a 

reduction in background noise and allow for more accurate quantification of hybridization. 

Various types of enzymes exist for the specific digestion of particular DNA structures. 
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Exonucleases are a family of enzymes that have the potential to digest any form of DNA (29). 

Exonucelase I is an enzyme that specifically digests ssDNA by binding to the 3’ end of the DNA 

and releasing deoxyriboculeoside 5’ monophosphate, ultimately leaving the 5’ termini 

dinucleotide intact. This type of exonuclease has application for purification of samples to 

remove excess primers after PCR (30). Even though noise reduction was possible via application 

of the enzymes, it was important to calibrate at the concentrations of ssDNA that the enzymes 

must digest, to accurately determine the amount of dsDNA in solution. Using the calibration 

generated in Fig. 2.6, the samples treated in the predetermined range of ratios of ssDNA and 

dsDNA could be quantified. The data collected for Fig. 2.6 was achieved by following the steps 

presented earlier for quantification of dsDNA from hybridization. Samples created and measured 

for Figs. 2.5 and 2.6 were created in the same manner; however, those presented in Fig. 2.6 were 

exposed to exonucelase I. By comparing Figs. 2.5 and 2.6, the clear decrease in background 

noise proves the enzymatic cleanup to be an effective method for reduction of unwanted signal 

production from unhybridized ssDNA. Based on knowledge of potential concentration ranges for 

dsDNA and ssDNA, similar calibration curves can be created for other hybridization 

experiments. Although the difference in sequence length did not appear to affect the linearity of 

data presented in Figs. 2.4 and 2.5, fragmentation of DNA has been noted to influence 

fluorescence production used for DNA quantification. Therefore, when applying this method for 

the quantification of hybridization events, it is advisable to use ssDNA and dsDNA lengths 

comparable to those being studied (7). Furthermore, a possible limitation of this methodology 

could be the quantifiable range. Hybridization is commonly fabricated in DNA assays by 

creating a ratio of the complementary sequences that surpasses unity (31, 32). 
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Figure 2.6. Concentrations of dsDNA spiked with concentrations of ssDNA and treated with 

Exonuclease I. Each color represents solutions produced with the same concentration of dsDNA, 

but in the presence of different concentrations of ssDNA followed by enzymatic cleanup.  

Based on known concentrations for an experiment, the enzymes should be tested to ensure that 

the background noise can be successfully dampened, especially if the ssDNA concentrations 

surpass those in Fig. 2.6. For the purposes of this study, calibration for dsDNA was generated 

with the maximum and half the maximum concentration of target strand applied to the samples. 

Conclusions  

 The Qubit ssDNA assay and dsDNA high sensitivity assay kits were utilized to provide 

more accurate quantification of structured DNA probes and hybridized duplexes. The ssDNA 

assay was used in conjunction with DMSO to denature any unimolecular folding and ensure the 

measurement of only ssDNA. This protocol allows for probes that contain secondary structure, 

such as hairpins, to be accurately quantified. Samples used with the dsDNA assay for 

quantification of hybridization were pretreated with exonuclease I for the specific digestion of 
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unhybridized ssDNA. This additional treatment step allows for the quantification of hybridized 

DNA without the need to synthesize DNA with fluorescent tags. Both of these methods utilize 

instrumentation and chemicals that are affordable and widely used for DNA analysis and are 

overall achieved by following simple steps. Furthermore, the application of fluorometric 

techniques provides more sensitive measurements at lower concentrations, compared to other 

methods that employ spectrophotometric techniques. 
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Abstract 

Reported cases of Legionnaires’ disease have increased significantly in recent years. The 

need for sensitive methods with faster turnaround time than culture methods for detecting L. 

pneumophila is rising. DNA-based biosensors can serve as applicable tools for in situ pathogen 

monitoring and detection. In this research, we investigated the application of DNA probes 

targeting L. pneumophila with a dangling-ended hairpin structure compared to more traditional 

linear structures to determine if the presence of the secondary structure improved hybridization, 

and ultimately L. pneumophila detection. Hybridization of the probes to the target DNA 

sequence was measured at different DNA concentrations while unbound and immobilized on a 

magnetic microparticle surface. When unbound, the linear signal probe (LSP), observed higher 

sensitivity compared to the dangling-ended hairpin probe (Key) for hybridization with the target 

DNA sequence. The LSP and Key exhibited slopes of 1.88 and 1.06; respectively, for the range 

of concentrations tested. When immobilized on a particle surface, the difference displayed in 

hybridization between the probes was not significant. However, when compared to the unbound 

probes, the immobilized probes observed overall higher percentages of hybridization. The 

increased hybridization exhibited by the immobilized probes, when compared to the unbound 

probes, displays the importance of ionic strength for DNA hybridization, regardless of 
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immobilization or DNA structure. Therefore, unbound linear DNA probes utilized for detection 

in solutions absent of ionic strength provided more sensitive detection than dangling-ended 

probes. However after immobilization, probe structure did not yield a significant change in 

sensitivity for detection, in the applied sample conditions. Ultimately, immobilizing DNA and 

hybridizing in ionic conditions, regardless of structure, could lead to more sensitive and 

functional biosensors, when compared to conducting hybridization in solutions at low ionic 

strength. 

Introduction  

To protect public health and ensure water quality, known pathogenic threats need to be 

monitored. Monitoring for dangerous pathogens allows for rapid response to contamination, 

preventing the spread of disease while protecting the public (1). However, conventional culture 

methods of pathogenic monitoring are constrained by representative sampling and lengthy 

response times (2). Biosensors have gained attention as a potential solution to in situ monitoring 

for pollutants in water (3, 4). DNA-based biosensors in particular are selective, simple, cost-

effective, and fast (5). Unlike other bioreceptors, DNA can be chemically synthesized (6), and 

hybridization events create the potential for reagentless detection and can be regenerated for 

reuse, meaning the device will not be limited to one-time usage (7, 8). In addition, nucleic acids 

have been noted as a powerful tool for parallel detection of multiple pathogenic threats and have 

been applied to form microarray-based detection schemes (5).  

L. pneumophila remains a public health issue and is presently one of the most threatening 

waterborne pathogens, particularly in developed countries (9). According to the Centers for 

Disease Control (CDC) and the National Notifiable Diseases Surveillance System (NNDSS), 

reported cases of Legionnaires’ disease have increased over five times since the turn of the 

century. Although it is unclear whether the source of the dramatic increase indicates an 
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increasing immunologically susceptible population, increasing awareness of testing and 

diagnosis, or increasing prevalence of Legionella (10), it is clear that this is a serious public 

health concern that could be better mitigated by improved forms of detection of the pathogen 

before human exposure. The commonly practiced method of monitoring for pathogens via 

culturing has been noted as unreliable since Legionella cells can exist in a viable but non-

culturable state (VBNC) as well as inside amoeba (11). However, molecular methods have faster 

response times and are capable of detecting VBNC cells, while maintaining sensitivity and 

selectivity (2). A variety of DNA-based detection and quantification schemes for Legionella has 

been reported (12–14). The DNA structures and materials for these biosensing devices are 

diverse and the options for design are almost limitless. Detection and quantification are 

important to contain an outbreak, and more sensitive devices will further protect those 

individuals with compromised immune systems that are most at risk. Thus, there is a strong need 

for more development and optimization of technologies and techniques focused on the detection 

and quantification of pathogens to protect water quality and public health (2).  

At the crux of a DNA-based biosensor is DNA hybridization. Understanding 

hybridization is pivotal to the success of implementing DNA as a bioreceptor. Factors 

influencing hybridization and the stability of DNA duplexes include temperature, solution 

composition, sequence composition, and structure (15). As the field of DNA-based biosensors 

has grown, there has been diverse application of DNA in different structural forms. 

Understanding how structural differences of the DNA influence binding affinity is beneficial to 

the application of nucleic acids in biosensors. The impact of secondary structure on hybridization 

has been noted in previous studies (16–19). Hairpin DNA structures have seen wide application 

in biosensors due to their functionality for signal production and control during hybridization; in 
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fact, various studies have highlighted the ability for secondary structure to improve 

hybridization, and thus, the selectivity or sensitivity of the biosensor (20, 21). In the context of a 

biosensor, hybridization commonly involves immobilized DNA probes. Hybridization with 

surface-tethered DNA introduces other factors, such as probe density and surface geometry (22). 

Considering all the potential factors, more studies are necessary to develop an improved 

understanding of how DNA structure influences hybridization, whether in solution or 

immobilized. 

This research focuses on designing a sensitive probe for DNA hybridization, by 

comparing the feasibility of linear DNA and hairpin DNA with a dangling end as signal probes 

for application in a biosensor for the detection of L. pneumophila. Furthermore, a comparison is 

presented of hybridization both in solution and immobilized on a magnetic particle, for a more 

holistic picture of how immobilization and DNA structure influences hybridization. 

Understanding these influences will contribute to designing biosensors with improved 

performance, which includes high selectivity toward target pathogen, lower limits of detection, 

and detection ranges to quantify relevant pathogens to protect public health. 

 Materials and Methods  

All oligonucleotide sequences were synthesized by IDT (Integrated DNA Technologies, 

Coraville, IA). The name, function, sequence, and modification of each DNA probe are provided 

in Table 3.1. Application of DNA with the same sequences has been reported for research 

conducted on biosensing methods for detection of L. pneumophila (12, 17), as well as the use of 

the hairpin structure (21, 23). The scrambled sequences were randomly generated in MATLAB 

and searched using the National Center for Biotechnology Information Basic Local Alignment 

Search Tool (BLAST) database to ensure the absence of unwanted hybridization. The probes 

without biotin were utilized in the solution study and were purified via desalting. The linear 
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signal probe with biotin was also purified via desalting. However, since the hairpin signal probe 

with biotin involved internal modification, desalting was not available as a purification method. 

Therefore, the hairpin with biotin was purified through high performance liquid chromatography 

(HPLC). Throughout this study, the DNA probes are referenced by the names provided in Table 

3.1.
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Table 3.1. List of the DNA sequences employed for all aspects of this study. 

Name Function Oligonucleotide Sequence 5' → 3' References 

TS Target AAGTTATCTGTGAATTCCTGGGCTTAACCTGGGACGACGGTCAGATAATACTGG (14, 17) 

LSP 
Linear Signal 

Probe 
GGTTAAGCCCAGGAATTTCACAGATAACTT (14, 17) 

Key 
Hairpin 

Signal Probe 

GGTTAAGCCCAGGAATTTCACAGATAACTTGATCAGCTGCACGTTUTTCCTGGTGCAGC

TGAT 
(14, 17, 21)* 

Bio-LSP 

Linear Signal 

Probe with 

Biotin 

GGTTAAGCCCAGAATTCACAGATAACTT /iSp18//iSp18//iSpC3//3Bio/ (14, 17)* 

Bio-Key 

Hairpin 

Signal Probe 

with Biotin 

GGTTAAGCCCAGGAATTTCACAGATAACTTGATCAGCTGCACCAGGTT 

/iBiodT/TTCCTGGTGCAGCTGATC 
(14, 17, 21)* 

Scrambled 

LSP 

Selectivity 

Control 
CGGTAATAAGTGCTCCATAGTTCATGAAAC N/A 

Scrambled 

Key 

Selectivity 

Control 

CGGTAATAAGTGCTCCATAGTTCATGAAACGATCAGCTGCACCAGGTTUTTCCTGGTGC

AGCTGATC 
N/A 

*iSp18 - Carbon chain spacer of 18 carbons 

*iSpC3 - Carbon chain spacer of 3 carbons 

*3Bio - Biotin located on the 3' end 

*iBiodT - Biotin conjugated with a thymine group 

*The Key structure combined a hairpin sequence from one study (21) and the dangling-end was the same sequence as the LSP (14) 

*Bio-LSP was the same DNA sequence as the LSP with biotin and carbon chain spacer  

*Bio-Key was the same DNA sequence as the Key with biotin in the center of the hairpin loop 
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Solution Study 

 Ultrapure water (Invitrogen, Carlsbad, CA), target DNA, and the respective DNA probes 

were added to make each 15 µL sample. With the eventual application of enzymes to the 

samples, ultrapure water was utilized for the reaction matrix to avoid problems with decreased 

enzymatic efficiency. The stock concentrations for each DNA source were determined using the 

Qubit single-stranded DNA (ssDNA) assay with dimethyl sulfoxide (DMSO). The secondary 

structure of the hairpin was disrupted by DMSO through destabilization of the base-stacking 

interactions to create linear DNA for accurate measurements (24) (see Chapter 2 for method 

development).  

All DNA probes were quantified using a linear calibration curve shown in Fig. 3.1, 

generated in a working solution of 60% DMSO, with the remaining 40% as the buffer and dye 

provided in the Qubit ssDNA assay kit. The calibration curve was created by diluting a solution 

of ssDNA through the known range of quantification and measuring the Relative Fluorescence 

Units (RFUs) of the dilutions with the ssDNA assay kit, followed by measuring samples of the 

same dilutions in the altered working solution containing 60% DMSO. To ensure that the 

measurements were not skewed by sequence length, this linear calibration curve was prepared 

using two different sources of linear ssDNA. For the six data points displayed, three were 

produced from a ssDNA source of 30 bases and the other three were produced from a ssDNA 

source of 52 bases. All samples were produced in triplicate. 

 



www.manaraa.com

53 

 

   

Figure 3.1. Linear calibration for the determination of ssDNA concentration dissolved in DMSO. 

Samples for each data point were made in triplicate, created under identical sample preparation, 

and the error bars represent standard deviations. 

After quantification of the stock solutions, DNA was added at different concentrations to 

achieve desired ratios of target copies to probe copies, ranging from one to ten. The DNA 

mixtures were placed in a thermocycler at 90°C for 5 minutes, followed by an incubation period 

of 1 hour at room temperature for hybridization, similarly described by Zang et. al (25). After 

incubation, the samples were subjected to a cleanup step for the removal of unhybridized target 

sequences (see Chapter 2 for method development). Five L from the hybridization reaction 

volume was removed and placed in a new PCR tube followed by addition of 1 L of exonuclease 

I, 2 L of thermosensitive alkaline phosphatase, and 1 L of each enzyme’s respective reaction 

buffer (ThermoFisher, Waltham, MA) to yield a total of 10 L. The samples were incubated at 

37°C for 2 hours for the enzymatic reaction to complete. At the conclusion of this second 
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incubation period, the amount of double-stranded DNA (dsDNA) present in the sample was 

quantified through the use of the Qubit dsDNA HS Assay Kit (ThermoFisher, Waltham, MA). 

To account for the complex composition of the sample containing dsDNA consisting of two 

different enzymes, and two different buffers, another calibration curve was generated for this 

situation, as shown in Fig. 3.2. 

 

Figure 3.2. Linear calibration curve for quantification of dsDNA in the presence of ssDNA, 

enzymes used for cleanup, and respective buffers. Each data point represents averaged 

concentration of dsDNA for samples prepared in triplicate.  

A known solution of dsDNA was diluted to provide calibration standards that covered dsDNA 

concentrations across a range that was expected to be observed post-hybridization. These 

solutions were individually measured in the presence of 0, 11.0, and 22.1 ng/µL of ssDNA after 

following the same cleanup procedure, yielding a triplicate data set. The solution of ssDNA used 

to spike the samples of dsDNA was quantified using the previous calibration presented in Fig. 
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3.1. Percent hybridization was defined as the measured number of hybridized copies divided by 

the number of potential hybridized copies multiplied by 100. 

% 𝐻𝑦𝑏𝑟𝑖𝑑𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = (
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐶𝑜𝑝𝑖𝑒𝑠

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐶𝑜𝑝𝑖𝑒𝑠
) × 100   (1) 

Particle Study 

Quantification of functionalized DNA probes 

Under the assumption that each DNA probe contained one biotin moiety, the Amplite 

Colorimetric Biotin Quantification Kit (AAT Bioquest, Sunnyvale, CA) was utilized to 

determine the biotin concentration and then was used to indirectly calculate the DNA probe 

concentrations. The assay was used according to the manufacturer’s instructions in triplicate for 

both probes, with 10 L for the sample size (26). With the concentrations of DNA known for 

each probe, stock volumes were created by diluting each probe in the binding buffer used for 

DNA immobilization. Since it was necessary to know the amount of DNA immobilized on the 

particle surface, two additional calibration curves were created specific to each DNA probe. The 

measurements were conducted using the Qubit ssDNA assay by diluting an 8 L sample in half 

with binding buffer and using a 15 L volume for measurement. By diluting the stock 

concentrations within the potential range of DNA immobilization, the RFUs generated for each 

measurement were matched to the calculated, theoretical concentration of copies, as shown in 

Fig. 3.3.  
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Figure 3.3. Linear calibration of each DNA probe for their quantification after particle 

immobilization. Samples for each data point were prepared in triplicate, and error bars represent 

standard deviations. 

Quantification of magnetic particles 

The microparticles used in this study were Streptavidin Magnetic Particles (Roche, 

Pleasanton, CA). The particles were provided at a concentration of 10 mg/mL in a solution of 50 

mM HEPES, 0.1% bovine serum albumin (BSA), 0.1% chloracetamide, and 0.01% methyl-

isothiazolone at a pH of 7.4. The particles had a 1 m reported mean diameter and a polystyrene 

core. To determine if the DNA was immobilizing on the particles in similar copy numbers on the 

particles, it was necessary to quantify particle recovery after the immobilization process. The 

optical density values at 500 nm of the particles at 4 different concentrations was measured in a 

384 microwell plate using the Epoch 2 microplate spectrophotometer (BioTek Instruments, Inc., 
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Winooski, VT), generating a linear calibration curve in the range of 0.1 to 0.4 mg/mL of 

particles, as shown in Fig. 3.4.  

 

Figure 3.4. Linear calibration for quantification of magnetic particles based on measurement of 

optical density (OD). Samples for each data point were prepared in triplicate, and the error bars 

represent standard deviation. 

The wavelength for quantification was selected at 500 nm, since DNA did not observe 

any absorbance that would impact measurements of optical density. For measurements of 

unknown samples, the samples were diluted prior to measurement accordingly to work within the 

calibration curve range. Briefly, after immobilization (described in the next section), 10.8 L of 

the sample was diluted to a volume of 48 L with the binding buffer. From that solution, 15 L 

were pipetted into 3 different wells for triplicate measurements of the particle concentrations. 
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Immobilization procedure 

A stock solution of particles was created at 2.66 mg/mL by diluting with the binding 

buffer, which was composed of 10 mM Tris-HCL, 1 mM EDTA, and 100 mM NaCl at a pH of 

7.5. Initially, 225 L of the particle stock solution was added to 225 L of binding buffer. The 

volume of 450 L was maintained throughout the immobilization process. The particles were 

washed 3 times with 450 L of the binding buffer by placing the 1.5 mL centrifuge tubes on a 

MagneSphereTM Technology Magnetic Separation Stand (Promega, Madison, WI) and pipetting 

out the supernatant. Each time a sample was placed on the magnetic stand, 5 minutes were 

allotted for separation to ensure high rates of recovery. The particles were then incubated for 30 

minutes with the respective DNA probe in the binding buffer. When added in equivalent 

concentrations of copies/µL, Bio-LSP immobilized more than the Bio-Key. Based on this result 

and to achieve similar ratios of DNA immobilized per particle mass, less of the Bio-LSP was 

added during the incubation period. From the stock solution of Bio-Key at a concentration of 

4.20 x 1013 copies/µL, 103.4 µL of probe was diluted to the 450 µL volume, while only 8.34 µL 

of the Bio-LSP at a stock concentration of 3.94 x 1013 copies/µL was added. During the 30-

minute incubation period, the samples were mixed by pipetting every 6 minutes to homogenize 

and prevent settling of the magnetic particles. After incubation, the supernatant containing 

unbound DNA was removed by pipetting after placement on the magnetic separator rack, and the 

particles were washed twice with the wash buffer, which had the same composition and pH as 

the binding buffer, except with a concentration of 1 M NaCl. The particles were then washed 5 

more times with the binding buffer to remove any loosely bound DNA and resuspended in 450 

L of the same buffer. After the immobilization was complete, the samples were measured for 

the amount of DNA that immobilized using the Qubit ssDNA assay kit and the calibration curve 
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shown in Fig. 3.3, as well as the recovered amount of particles using spectrophotometry and the 

calibration curve shown in Fig. 3.4. 

Hybridization procedure of DNA functionalized particles  

A reaction volume of 15 L was used for the hybridization reactions with DNA 

functionalized particles. The samples were created through the addition of binding buffer, target 

DNA strand (TS), and the respective particles with immobilized DNA, in that order. The same 

particle concentrations were used in each hybridization reaction. Conditions that induced the 

probes to be in similar concentrations were necessary for a direct comparison between probe 

structures. Therefore, each respective stock of DNA conjugates was diluted to achieve 176 ng/L 

of magnetic particles, yielding an average of 9.00 x 1010 copies/L of Bio-Key and 9.48 x 1010 

copies/L of Bio-LSP in the hybridization reaction. With the concentrations of Bio-LSP probe 

higher by 4.8 x 109 copies/L, additional TS was added to ensure the consistency of tested ratios 

of TS to probe. These hybridization events with particle-immobilized probes were performed at 

room temperature to minimize disruption of the biotin-streptavidin complex. During the 1-hour 

incubation period, the samples were homogenized by pipetting the samples every 10 minutes to 

prevent any particle settling. At the end of the incubation period, the samples were placed on the 

magnetic separator for 5 minutes, and then the 15 L supernatant was removed and placed in a 

new tube for further analysis. The particles containing hybridized DNA were washed with 

binding buffer once to remove any loosely bound DNA. After another 5 minutes of magnetic 

separation, the 15 L supernatant was once again removed and placed in a new tube. With 

hybridization complete and all washes obtained, the ssDNA in each supernatant was quantified 

using the Qubit ssDNA assay using samples of 4 L. The percent hybridization was calculated 

by measuring the concentration of TS in the supernatant and subtracting that concentration from 



www.manaraa.com

60 

 

the original TS concentration added. Blanks were created with the probe-functionalized particles 

but without TS, and exposed to the same hybridization conditions, including the pipetting and 

washing. For the data presented herein, there was no detectable DNA in the supernatant of the 

blanks, proving no influence to the samples from extraneous DNA becoming unbound from the 

particle surface or particles left behind after magnetic separation. 

% 𝐻𝑦𝑏𝑟𝑖𝑑𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = (
𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑇𝑆 𝐶𝑜𝑝𝑖𝑒𝑠 − 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑇𝑆 𝐶𝑜𝑝𝑖𝑒𝑠

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑀𝑎𝑥 𝐻𝑦𝑏𝑟𝑖𝑑𝑖𝑧𝑒𝑑 𝐶𝑜𝑝𝑖𝑒𝑠
) × 100   (2) 

Statistical Analysis 

Initially, all data sets collected were analyzed for normality. The triplicate hybridization 

data collected from the solution study and the triplicate measurements for the number of probes 

immobilized displayed normally distributed data. Thus, the data sets were compared via the two-

sample t-test to establish significance (α = 0.05).  For the particle hybridization study, 

hybridization was conducted in duplicate for each probe structure. Although hybridization data 

for the immobilized Key displayed normality, the immobilized LSP did not. Therefore, the data 

sets from the immobilized hybridizations were compared through the nonparametric method of 

the Wilcoxon rank-sum test to determine significance. Both analyses were conducted using 

Statistical Analysis Software (SAS) version 9.4. 

Results and Discussion  

Solution Study 

Although the measurements for the all sequences observed increasing RFUs throughout 

the experiment (Fig. 3.5), the positive slopes exhibited by the scrambled sequences were likely 

due to background noise that continued to increase as more copies of TS were added. To ensure 

the observed trends and determined percent hybridizations were not an artifact of the different 

DNA structures or the excess ssDNA in the samples, probes with the same structures containing 
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scrambled sequences of bases were placed under the same hybridization conditions and ratios of 

TS. To compare, linear regressions were conducted for each probe; the linear equation of each 

probe and R2 values are shown in Table 3.2.  

 

Figure 3.5. Raw RFU measurements from LSP, Key, and the respective scrambled sequences 

when exposed to incrementally increased copies of TS. Samples were prepared in triplicate for 

Key and LSP, duplicate for the scrambled sequences, and error bars represent observed standard 

deviations.  

Table 3.2. Linear regressions for the raw RFU measurements associated with each probe at 

increasing concentration of TS. 

Probe Equation  R2 

Key y = 89.39x + 2433.51 0.98 

LSP y = 103.17x + 1936.02 0.83 

Scrambled Key y = 51.84x + 1091.94 0.98 

Scrambled LSP y = 31.12x + 491.76 0.97 
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More importantly, the slope of the LSP is 3.32 times greater than that of the scrambled, and the 

slope of the Key is 1.65 times greater than that of the scrambled. Both probes had steeper slopes 

than the scrambled counterparts; thus these results demonstrate that the incremental increase in 

percent hybridization is not purely an artifact of the increased background noise generated at 

higher ratios of TS to probe, but an increase in hybridized duplexes, and consequently 

demonstrating the selectivity of these probes to TS. 

Furthermore, as seen in the raw values collected, the RFUs emitted by the Key were 

higher than the LSP, yet the LSP is reported as having higher percent hybridization. Since the 

Key contained a segment of dsDNA composed of 16 base pairs, a hybridized duplex with the 

Key contained 46 base pairs, while a hybridized duplex with the LSP only contained 30 base 

pairs. Therefore, when the RFU values were converted into copies, the number of base pairs in 

the hybridized sequence was taken into consideration for the calculated percent hybridizations. 

The ideal duplex formed after hybridization for each probe is shown in Fig. 3.6. 

 

 

Figure 3.6. Sequences of hybridized duplexes for LSP (top) and Key (bottom) with the probe 

sequences in black and the TS in red.  

The two probes exhibited significantly different percent hybridizations (p=0.0017), and 

overall, the LSP yielded higher percent hybridizations than the Key (Fig. 3.7). The percent 

hybridization achieved by both DNA probes was determined and plotted against the ratio of 

available TS to probe copies. Furthermore, hybridization over different ratios of TS to LSP and 

TS to Key had slopes of 1.88 and 1.06 for the change in percent hybridization over the ratio of 
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TS to probe, respectively, and R2 values of 0.83 and 0.98, respectively. This meant not only that 

the LSP showed higher percent hybridization compared to the Key but also that the LSP was 

more sensitive to changes in TS concentration. Regardless of the improved hybridization 

demonstrated by LSP, neither probe displayed percent hybridization that surpassed 44.3%. DNA 

hybridization is influenced by a variety of conditions, including medium composition (27). These 

experiments were conducted in ultrapure water, lacking ions that contribute to duplex formation 

and stability (28). Therefore, if these hybridizations were conducted in a solution of higher ionic 

strength, the reported percent hybridizations would likely have been higher. 

 

Figure 3.7. Percent hybridization achieved by LSP and Key when exposed to incremental copies 

of TS. Samples prepared in triplicate, and error bars represent standard deviations.  

The reported trends and percent hybridizations were potentially influenced by the lack of 

monovalent and divalent ions in solution, preventing the desired formation of the Key structure. 

Hybridization with dangling-ended DNA structures has been noted as favorable due to lowered 
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activation energies for the hybridization and increased duplex stability resulting from additional 

co-axial stacking of DNA (29). However, the Key structure did not present improved percent 

hybridization compared with the LSP (Fig. 3.7). Depending on the chemistry of the solution and 

available energy, DNA can take a variety of conformations (30). The efficiency of analyses that 

require DNA binding, such as PCR analysis, can be affected by the concentration of monovalent 

and divalent ions. Higher concentrations of magnesium chloride have been noted to coincide 

with an increase in stability of primer and target DNA (31). It is possible that without a 

preferable ionic strength of the solution, the Key structure was less likely to form. Although the 

lack of ions reduced hybridization efficiency, the samples were prepared in ultrapure water to 

provide a neutral matrix due to the eventual application of enzymes and accompanied buffers. 

Without the formation of the hairpin structure, the Key could not exhibit beneficial 

characteristics for hybridization. 

To determine the likelihood of desired probe formation, the number of copies of self-

hybridized probe was calculated for the scrambled-Key at the 1:1 ratio (Fig. 3.5). Assuming the 

entire signal was produced via the dsDNA associated with the self-annealing probe, only 

approximately 20% of the available probe existed in the self-annealed form. Since the Key 

existed primarily as linear DNA, this would have exposed a sequence of inert DNA and 

negatively impacted the ability to hybridize. Even short lengths of non-binding sequences can 

increase the free energy necessary for hybridization to occur (32). Therefore, without formation 

of the hairpin structure, self-annealing probes, such as the Key, can exhibit binding affinity lower 

than that of traditional linear DNA probes. The only ratio in which the Key performed 

comparable to the LSP was the lowest ratio tested; at this ratio, the LSP and Key exhibited 

percent hybridization of 20.6% and 21.9%, respectively. It is possible that any Key probes in the 
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preferential form were saturated at this ratio. At higher ratios, the increase in signal for the Key 

could be attributed to hybridization with the probe in the linear form. The Key present 

predominantly in the linear form could have been a major contributing factor that reduced the 

sensitivity of the probe for hybridization. 

Characterization of DNA Conjugated Magnetic Particles and Immobilized Hybridization 

Conditions  

When applied at the same concentrations of copies/µL the Bio-LSP immobilized more 

copies than the Bio-Key. To achieve similar probe densities on the particle surface, the 

immobilization procedure required optimization. For a direct comparison between DNA 

structures, each probe needed to be immobilized in densities as similar to each other as possible. 

Shifts in probe density have been reported to have a significant impact on sensitivity of sensing 

mechanisms (33, 34). Thus, the immobilization of the Bio-LSP was conducted at a concentration 

of 7.31 x 1011 copies/L whereas the Key required 9.65 x 1012 copies/L. The source of such 

different immobilization may be due to additional steric hindrance induced by the larger size of 

the Key (35). With these concentrations optimized, the Bio-LSP and Bio-Key immobilized at 

ratios of probe to particle mass that were not significantly different (p = 0.5621) (Table 3.3). Yet, 

the immobilization conducted with Bio-Key yielded an average of 17.4% higher recovery of 

particles, compared to those immobilized with Bio-LSP. Therefore, particle recovery was 

dependent on the DNA probe. In the context of a biosensor, high particle recovery is important to 

maintain a reusable system. Higher particle recovery also means higher mass concentration of 

target DNA, which can improve detection by increasing signal production and most importantly 

to avoid occurrence of false negatives. In Table 3.3, the lowest concentration of DNA measured 

was paired with the highest concentration of magnetic particles (MPs) quantified to yield a 

potential range of copies per mass of particle. 
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Table 3.3. Characteristics of functionalized magnetic particles (MP) after DNA immobilization. 

The DNA and magnetic particle concentrations listed are the concentrations recovered after 

immobilization. 

Probe 
DNA 

(copies/L) 

MP 

(mg/mL) 

DNA/MP 

(copies/mg) 

Average 

DNA/MP 

(copies/mg) 

 

Bio-LSP  

4.29 x 1011 0.87 4.93 x 1014 

5.44 x 1014 4.30 x 1011 0.86 4.99 x 1014 

4.48 x 1011 0.70 6.41 x 1014 

Bio-Key 

5.15 x 1011 1.08 4.76 x 1014 

5.11 x 1014 5.40 x 1011 1.06 5.11 x 1014 

5.42 x 1011 0.99 5.47 x 1014 

 

Particle Study  

On average, percent hybridization for the immobilized Bio-LSP was 39.2% and for the 

Bio-Key was 89.3% (Fig. 3.9). When immobilized both probes displayed higher average percent 

hybridizations, compared to the unbound probes for the same tested ratios (see solution study 

section and Fig. 3.7). The hybridization experiments for the DNA immobilized on the particle 

surfaces were conducted in a saline buffer in which secondary structure was favorable, unlike the 

solution-phase DNA hybridizations that were performed in ultrapure water. Therefore, the water 

chemistry conditions in the samples were more suited for hybridization in the particle study, 

which is a potential reason for the higher percentages of hybridization reported for the 

immobilized DNA.  

Another difference was the methodology applied to quantify hybridization. The data 

displayed in Fig. 3.9 was calculated via Equation 2. Since the concentration for possible 

hybridization was only 2.54 ng/L, small changes could have been difficult to clearly discern at 

the high concentrations tested and multiple measurements for the higher tested ratios were close 
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to the upper limit of quantification, which is a potential reason for the large fluctuations in the 

measured values.  

 

Figure 3.8. Hybridization efficiency for DNA immobilized (Bio-Key and Bio-LSP) on particles 

at increasing availability of DNA target sequence (TS). 

  Unlike the solution experiment, the hybridization observed between the two immobilized 

probes was not statistically different (p=0.0630), suggesting that the presence of secondary 

structure had no direct effect on hybridization when probes were immobilized. Furthermore, the 

sample conditions during the particle study were conducive to the formation of the hairpin 

structure, unlike the solution study. An online server called Mfold was utilized to analyze the 

potential conformations of both the LSP and Key (36), which showed that the activation energies 

for all proposed DNA conformations of the LSP were positive and would not have occurred 

spontaneously without the input of energy. For the Key, based on conditions that the samples 

experienced during hybridization, the hairpin structure was favored for spontaneous formation, 
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with negative activation energy. This opposes the findings of a previous study by Riccelli et al. 

(21) that observed improved rates of hybridization and binding affinity with dangling-ended 

hairpin probes compared to linear probes when immobilized on a planar surface. However, the 

curvature of the surface on which probes are immobilized has been noted to influence 

hybridization. In fact, particle surfaces have been described as alternative supports to planar 

substrates because they can provide homogenous surfaces for immobilization and hybridization, 

increased surface area, and faster binding kinetics (37–39). Even though other factors, such as 

probe density, could alter the binding affinities observed, for the probe density tested, there was 

no statistically significant difference in hybridization between the immobilized DNA structures. 

Conclusions 

 DNA hybridization was studied for two different DNA structures both in solution and 

immobilized on a particle surface. The reported data provided practical information in terms of 

probe application within a biosensor. Biosensors that incorporate hybridization of unbound DNA 

in low ionic conditions could benefit from application of linear DNA probes, opposed to 

structured ones. The probes tested in the solution study suggested the importance of ionic 

strength in solution for the prevalence of secondary structure. For unbound DNA probes, the 

linear structure observed higher hybridization than the Key, as a result of shifts in DNA 

conformational structure due to unfavorable ionic conditions. However, the factors controlling 

hybridization were likely completely different when the DNA probes were immobilized. Unlike 

the solution study, changes in the DNA structure did not have a significant influence over 

hybridization for the experiments conducted on immobilized DNA probes. However, during 

magnetic separation, larger DNA structures immobilized on the surface increased particle 

recovery. Thus, even though neither immobilized probe displayed significantly higher 

percentages of hybridization, the Key would create a more sustainable and reusable sensing 
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mechanism. More importantly, higher particle recovery demonstrated by the particles 

functionalized with the Key could more readily concentrate targeted DNA sequences, increase 

signal production, and reduce occurrence of false negatives, compared to immobilized sequences 

of smaller structure. Ultimately, immobilizing DNA and hybridizing in buffered conditions could 

lead to more sensitive and functional biosensors compared to conducting hybridization in 

solution at low ionic strength.  
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CHAPTER 4. GENERAL CONCLUSIONS 

The spread of disease via waterborne pathogens continues to threaten potable water 

across the world. Building and optimizing monitoring devices to detect such pathogens are vital 

for the future of water security and public health. Current pathogenic monitoring practices of 

culturing are antiquated, and at times, inaccurate. Point-of-care (POC) sensing mechanisms that 

provide in situ monitoring would allow for faster response to outbreaks and make water quality 

public knowledge. DNA-based biosensors have displayed the ability to conduct selective, 

specific, and long-term monitoring of dangerous pathogens. Optimizing current DNA-based 

biosensing technologies is an important step to increase sensitivity and push the devices closer to 

commercialization. 

The overarching goal of this research was to better understand the application of DNA 

hybridization as a bioreceptor by providing a comparative analysis of DNA hybridization 

observed for linear and dangling-ended hairpin probes, both in solution and immobilized on a 

microparticle surface. Through this M.S. research, improved DNA quantification methods were 

developed based on chemical and enzymatic treatment in conjunction with Qubit fluorometric 

assays. Available forms of DNA quantification are not sensitive or selective enough to ensure 

accurate measurement when the samples contain a mixture of both ssDNA and dsDNA. A 

working solution composed of DMSO mixed with the buffer and dye provided in the Qubit 

ssDNA Assay Kit was shown to allow for dye binding, while creating a chemical matrix that 

induced and sustained denaturation. This methodology was essential to accurately quantify 

copies of DNA probes with sections of both ssDNA and dsDNA. In addition, application of 

exonuclease I and alkaline phosphatase were effective for isolating dsDNA and determining 
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hybridization, even in solutions containing concentrations of ssDNA over 80x that of the 

dsDNA. 

Engineering Significance 

More importantly, the developed DNA quantification methodologies were ultimately 

applied to study the hybridization of linear and dangling-ended hairpin DNA probes in solution. 

The linear probe yielded more hybridized duplexes than the structured probe, when the 

complementary strand was present at least double that of the probe. However, the observed lower 

percentages of hybridization demonstrated by the dangling-ended hairpin probe could have been 

a result of the experiment being conducted in ultrapure water, without ions that encourage the 

hairpin structure to form. This comparative study suggested the importance of ionic strength 

when using DNA as a bioreceptor. More importantly, the study exhibited linear ssDNA better 

suited for hybridization in samples absent of ions strength whereas structured probes are more 

dependent on ionic conditions for hybridization. However, once the probes were immobilized on 

a microparticle surface, the difference in hybridization observed for both probes was not 

statistically significant. Therefore, based on the collected data, the presence or absence of 

secondary structure did not have an influence on hybridization, after the probes were 

immobilized. If immobilizing DNA probes on a microparticle, simplistic linear DNA probes may 

be just as effective as complex structured probes for hybridization. However, during 

immobilization, the larger, structured probe recovered over 17.4% more particles after magnetic 

concentration. Therefore, larger DNA structures might yield higher recovery rates of particles 

and be a more sustainable bioreceptor. Furthermore, in the conditions tested, the immobilized 

probes overall observed higher hybridization percentages. As seen in Fig. 4.1, this research has 

focused on the preliminary incubation or reaction necessary to produce a signal in a biosensor.  
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Figure 4.1. Schematic of microfluidic device enabled for magnetic separation followed by 

electrochemical biosensing enabled for magnetic separation 

Future Recommendations  

 As displayed by the complications for structured DNA when changing sample matrix, the 

enzymes applied for digestion of ssDNA need to be reviewed for enzymatic activity in matrices 

of other chemical composition. For the methodology presented to be more robust, the chemical 

composition of the sample needs to remain as consistent as possible, even during measurement. 

Therefore, the current enzymes applied should be reviewed and potentially replaced by more 

robust enzymes.  

 The dangling-ended hairpin probe synthesized for this research, requires further attention 

and study. If conformational shifts by the probe are possible, hybridization with target DNA can 

be controlled by changing the ionic strength of the sample. Controlling the capture and release of 

target DNA without the use of harsh chemicals or heat could prove to be a powerful bioreceptor.  
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More replicates of the hybridization experiment with the immobilized probes are 

necessary to assist in removal of any outliers collected during the process and potentially confirm 

the observed result of structure not influencing hybridization on a microparticle surface. In 

addition, more experimentation is also necessary to determine and identify the variables affecting 

particle recovery. In the confines of this study, probe size appeared to be a major influence 

during the immobilization of DNA. A more rigorous analysis of the influence of immobilized 

probe size and structure on particle recovery should be conducted. A study such as this could 

potentially lead to improved detection by optimizing the concentration of target DNA through 

magnetic separation and more sustainable biosensors with a longer lifecycle.   
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APPENDIX. PCR PROTOCOLS 

Table A.1. PCR primers and protocols for detection of OPPPs. 

Genus/Species 
Target 

Gene(s) 
Primer Names Primer Sequence (5'-3') 

Initial Denaturation 

and  

Enzyme Activation 

(temperature & time) 

Denaturating, 

Annealing, and 

Extension (Cycles, 

temperature, & time) 

Reference 

Legionella spp. 23S rRNA 
Leg23SF 

Leg23SR 

CCCATGAAGCCCGTTGAA 

ACAATCAGCCAATTAGTACGAGTTAGC 
95 °C for 2 min 

40 cycles of 95°C for 5 

s and 58.5°C for 10 s 
(1) 

L. pneumophila mip 
LmipF 

LmipR 

AAAGGCATGCAAGACGCTATG 

GAAACTTGTTAAGAACGTCTTTCATTTG 
95 °C for 2 min 

40 cycles of 95°C for 5 

s and 50°C for 10 s 
(1) 

Mycobacterium 

spp. 
16S rRNA 

110F 

1571R 

CCTGGGAAACTGGGTCTAAT 

CGCACGCTCACAGTTA 
95 °C for 2 min 

45 cycles of 95°C for 5 

s, 55°C for 15 s, and 

72°C for 10 s 

(1) 

M. avium 16S rRNA 
MycavF 

MycavR 

AGAGTTTGATCCTGGCTCAG 

ACCAGAAGACATGCGTCTTG 
98 °C for 2 min 

40 cycles of 98°C for 5 

s and 68°C for 18 s 
(1) 

P. aeruginosa 

ecfX 

& 

gyrB 

ecfXF 

ecfXR 

gyrBF 

gyrBR 

CGCATGCCTATCAGGCGTT 

GAACTGCCCAGGTGCTTGC 

CCTGACCATCCGTCGCCACAAC 

CGCAGCAGGATGCCGACGCC 

95 °C for 2 min 
50 cycles of 95°C for 5 

s and 60°C for 10 s 
(1) 
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Table A.1. Continued 

 

Genus/Species 
Target 

Gene(s) 
Primer Names Primer Sequence (5'-3') 

Initial Denaturation 

and  

Enzyme Activation 

(temperature & time) 

Denaturating, 

Annealing, and 

Extension (Cycles, 

temperature, & time) 

Reference 

Methylobacterium 

spp. 
16S rRNA 

MB4 

MB 

CCGCGTGAGTGATGAAGG 

AGCGCCGTCGGGTAAGA 
94 °C for 5 min 

4 cycles of 94°C for 60 

s, 62°C for 60 s, and 

72°C for 3 min; repeat 

4 cycles with new 

annealing temp of 

60°C, and 30 more 

times with annealing 

temp of 58°C 

(2) 

A. baumanii ompA 
OmpAF 

OmpAR 

TCTTGGTGGTCACTTGAAGC 

ACTCTTGTGGTTGTGGAGCA 

50 °C for 2 min and 95 

°C for 10 min  

38 cycles of 95°C for 

30 s and 62°C for 60 s 
(3) 

A. hydrophila 16S rRNA 
AH16SF 

AH16SR 

GAAAGGTTGATGCCTAATACGTA 

CGTGCTGGCAACAAAGGACAG 
95 °C for 2.5 min 

35 cycles of 94°C for 

30 s, 57°C for 60 s, 

72°C for 5 min 

(4) 
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