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ABSTRACT

Novel assay systems, in which target-specific single-stranded DNA aptamers were used 

as high affinity binding reagents, were developed for the specific capture or ultrasensitive 

detection o f test analytes. Two different approaches incorporating aptamers as assay 

reagents were developed. A proof-of-concept demonstration o f these systems used 

thrombin protein as a model analyte. The first system, termed the aptablot, was a facile 

assay system which involved the immobilization o f  thrombin DNA aptamers on 

macroporous polyester cloth, providing a high affinity capture surface for the model 

protein analyte throm bin, which was subsequently detected immunoenzymatically. The 

second approach intended for ultrasensitive detection, termed the Amplified Aptamer 

Assay (A3), involved the detection o f captured throm bin protein via thrombin-specific 

DNA aptamer, which was subsequently detected through the generation o f an 

ultrasensitive am plification signal by either nucleic acid sequence-based amplification 

(NASBA) or polymerase chain reaction (PCR), and visualization o f the amplicon by 

agarose gel electrophoresis.
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CHAPTER 1

General Introduction
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Foodborne illness is a widespread and growing public health problem, both in developed 

and developing countries. The Canadian Food Inspection Agency (CFIA) has estimated 

11 million foodborne illnesses occur each year in Canada (CFIA, 2012). The United 

States Centers for Disease Control and Prevention (CDC) has estimated foodborne 

diseases cause 48 million illnesses, 128 000 hospitalizations, and 3000 deaths each year 

in the United States due to the consumption o f contaminated foods. O f the 48 million 

illnesses, 9.4 million are caused by 31 known pathogens, 90%  of which are caused by 

seven select pathogens (CDC, 2012). According to the CDC, the seven pathogens o f the 

greatest concern include Salmonella, Campylobacter, Escherichia coli (E. coli) 0157:H 7, 

Listeria monocytogenes, Toxoplasma, Norovirus, and Clostridium perfringens. While not 

documented as well, developing countries are most affected by contamination o f  food and 

drinking water (W HO, 2007). Risks associated with food can generally be divided into 

three main categories; microbiological, physical contaminants, and chemical 

contaminants and natural toxins. More than 250 diseases are known to be transmitted 

through the consum ption o f foods containing contaminations such as bacteria or their 

toxic by-products, viruses, or parasites (CDC, 2012). Symptoms can range from mild 

gastroenteritis, to life-threatening neurological, hepatic, and renal syndromes.

1.1 Bacteria] pathogens causing foodborne illness

Bacterial foodborne diseases can be classified into three categories, infections, 

intoxications, and toxicoinfections. Bacterial foodborne infections result from the 

consumption o f food contaminated with pathogenic microorganisms, which colonize the 

intestine leading to illness, such as salmonellosis, campylobacteriosis, listeriosis, or E. 

coli infections (Lampel et al., 2012). Food products can become contaminated at any
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point along the food continuum, including processing, storage, transportation, 

preparation, and consumption. Most bacteria are spread through indirect or direct contact 

with the intestinal contents or excrements o f  animals, including humans; for instance not 

washing hands properly after using the washroom or handling infected animals or pet- 

related objects. Bacteria may also be spread through the cross-contamination o f raw meat 

from processing to consumption. Furthermore, raw fruits and vegetables may become 

contaminated when washed or irrigated with water contaminated with animal feces or 

human sewage. Food products most commonly associated with bacterial infections 

include raw or undercooked meat or poultry, processed meats, fish, eggs or egg-based 

foods, milk or unpasteurized dairy products, raw fruits and vegetables and water 

(Altekruse et al., 1997).

A  num ber o f foodborne pathogens mediate their harmful effects through the 

formation o f  toxins. Foodborne intoxications occur by consuming foods containing these 

harmful toxins produced by the microorganisms. In this case, the toxin causes the illness 

rather than an actual bacterial infection o f  the host; thus, the microorganism need not be 

present in the food at the point o f  consumption. Examples o f  such pathogens include 

Clostridium botulism, which produces a botilinum neurotoxin (BoNT) (Oguma et al., 

1997) or Staphylococcus aureus (Vasconcelos & da Cunta, 2010), which produce 

enterotoxins. Some o f these toxins are extremely potent and can cause serious illness in 

humans or even death.

Finally, foodborne toxicoinfections occur through the consumption o f food 

contaminated with a microorganism that grows and produces toxin(s) in the intestinal 

tract, such as the toxin forming Clostridium perfringens. C. perfringens are spore forming
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bacteria which can spread through the improper cooling and storage o f foods. If 

consumed, the bacteria produce toxins in the intestinal track, which leads to illness 

(McClane, 2003).

2. Enhancing food safety

Due to the presence o f  various harmful pathogens in our environment, everyone is 

potentially at risk for foodborne illness. However, some people are more susceptible to 

foodborne illnesses and are more likely to experience severe illness. These high-risk 

groups include infants and young children, the elderly, pregnant women, and people with 

weakened immune systems. Thus consumers have an on-going need for food safety. In 

Canada, focus is placed on consumer health. The safe production, processing, and sale of 

food products are nationally regulated by stringent program s implemented by Health 

Canada, Agriculture and Agri-Food Canada, and CFIA. Due to the importance o f  food 

safety, stress is placed on the development and improvement o f  standards, methods, and 

assays intended to protect public health. These microbiological monitoring programs are 

designed to verify manufacturing compliance with applicable food safety standards and 

regulations, identify and manage food safety risks, respond to food emergencies, carry 

out food recalls, verify the extent o f contamination, and trace sources in the event o f 

foodborne disease outbreaks, eliminating possible threats and contamination emergencies 

in a timely fashion to safeguard public health.

3. M ethods in food safety testing

The analysis o f food samples for a specific pathogen or toxin can be very challenging. To 

say the least, food products are intricate. They consist o f extremely complex materials,
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such as fats, proteins, carbohydrates, and chemicals and are subject to varying acidities 

and salt concentrations. Moreover, food products often contain large populations o f 

indigenous microflora. This means the population o f target pathogens and contaminants 

is extremely small in comparison, further m aking their detection a challenge. Finally, 

specific pathogens o f interest may become injured or stressed during treatm ents used in 

food processing, such as heat, cold, drying, freezing, and chemical additives or 

preservatives, causing the bacteria to be easily missed during testing. Consequently, with 

such a wide variety o f  possible contaminants and the difficulties in detecting them, 

sensitive tests m ust be designed and available for the detection o f the smallest number o f 

colony forming units (CFU) or minimal amounts o f  toxin that may be harmful to human 

health. Furthermore, these detections methods must be able to accommodate high 

throughput analysis o f  food samples in order to satisfy food testing standards. Therefore, 

strong emphasis is placed on the study o f pathogens and their detection due to zero- 

tolerance o f  their presence in food.

3.1 Conventional methods

To overcome detection challenges, microbiologists have relied on culture methods for the 

detection and identification o f pathogens in samples. Traditional methods for detection o f 

foodborne pathogens rely on four main steps. The process starts with a pre-enrichment 

step in a non-selective media to allow for the recovery o f  injured or stressed cells, 

followed by selective enrichment to discrim inately increase the concentration o f a 

particular bacterial target in specific culture media, while suppressing the growth o f 

background microflora. Next, the bacterial target is isolated on selective agar plates. In 

the absence o f  typical colonies, the analysis is complete and the results are reported as
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negative. In the case o f presumptively positive colonies, confirmation is carried out 

through additional biochemical and/or serological tests to identify bacterial targets. 

(Swaminathan & Feng, 1994). While this method is effective, the process is time 

consuming and labour intensive. Typically, the pre-enrichment and selective enrichment 

along with the plating step take 24-48 hour each, plus another week or more for 

confirmation o f a positive sample (Dwivedi & Jaykus, 2011). As a result, conventional 

methods are very lengthy.

3.2 Rapid methods

Over the last several decades, advancements in scientific technology have introduced a 

number o f m olecular biological diagnostic assays that are quicker and automated that 

have had a large impact on food diagnostics. Though they were mainly laboratory 

research tools at one time, antibodies and nucleic acids now dom inate the field o f 

foodborne pathogen testing; their main advantage is providing more rapid turnaround 

time to get a presum ptive result than conventional methods and facilitating multi-target 

detection. However, due to the complex nature o f food matrices, pre-enrichment of food 

samples in culture media is still necessary prior to testing to attain optimal detection 

efficiencies. Therefore, immunology and molecular biology have introduced a newer 

generation o f testing methods for the detection o f pathogens and their toxins. These 

methods can be divided into two categories; antibody-based assays and nucleic acid- 

based assays.
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3.2.1 Im m unological methods

The use o f  antibodies goes back more than a century. The heart o f  any immunological 

method is based on the specific and sensitive binding o f  an antibody to an antigen. Due to 

the specific nature and high sensitivity o f  the antibody -  antigen reaction, the approach 

aims to detect an antigen against which a specific antibody has been raised, for example a 

phenotypic feature o f a target bacterium against which an antibody is available. 

Antibodies have played a large role in the detection and identification o f bacterial 

pathogens, with their earliest use in the 1920s and 1930s to identify various Salmonella 

serotypes (Edwards & Ewing, 1972). Since then, various techniques have emerged, such 

as the enzyme-linked immunosorbent assay and the lateral flow immunoassay.

3.2.1.1 Enzym e-Linked ImmunoSorbent Assay (ELISA)

Over the years, several formats o f  immunoassays have been developed. The emergence 

o f the enzyme-linked immunosorbent assay (ELISA) arose as a safer alternative to the 

radioimmunoassay in which either antibodies or antigens were labelled with 

radioisotopes. The ELISA technique is the most widely used format for immunoassays 

and can be performed with a number o f  modifications to the basic procedure for the 

detection o f  either antigens or antibodies. The binding o f the antigen o f interest can be 

accomplished by direct adsorption to the solid phase or indirectly by a capture antibody 

that has been adsorbed to the solid phase. The antigen is then detected directly through 

the use o f  a labelled primary antibody or indirectly via a labelled secondary antibody that 

recognizes the prim ary antibody (Figure 1.1 a, b) (Gazzaz et al., 1992). The most 

commonly used colorimetric enzyme labels for conjugation to antibodies are horseradish



colour Primary
antibody

a

substrate

enzyme

colour

Capture
antibody

Antigen
conjugate

F igu re  1.1 Common immunoassay formats. In these assays, the antigen (Ag) o f 

interest is immobilized by direct adsorption to the solid surface (a, b) or bound by 

reaction with a capture antibody (c, d). Detection o f  the antigen can then be performed 

using an enzyme-conjugated prim ary antibody (a) or a set o f unlabeled primary antibody 

and conjugated secondary antibody (b). The classic “sandwich ELISA ” involves the 

capture o f  an antigen between a capture and a conjugated antibody (c). Finally, labeled 

and unlabeled antigen compete for binding to a capture antibody in the competitive 

ELISA.
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peroxidase (HRP) and alkaline phosphatase (AP), to which a colorimetric substrate is 

added to produce a signal (Tijssen, 1985). The results can be recorded visually or with a 

spectrophotometer.

The most w idely used format o f the ELISA technique is known as the “sandwich” 

ELISA (Clark & Engvall, 1980). This method involves the immobilization o f an antigen 

between two primary antibodies, a capture antibody and a detection antibody, which may 

be enzymatically labelled, or to which a secondary, labelled antibody binds to (Figure 1.1 

c). Between each step o f  an ELISA, the solid phase is washed with a mild detergent 

solution to remove any antigen or antibody that is not specifically bound. An ELISA can 

also be performed as a competitive assay, commonly when the antigen has only one 

epitope or antibody binding site. One competitive ELISA assay format involves labelling 

purified antigen. The purified, labelled antigen and unlabelled antigen from the sample 

are introduced and compete for binding to the capture antibody (Figure 1.1 d). A decrease 

in signal from the purified, labelled antigen indicates the presence o f  the antigen in 

samples when compared to assay wells with purified, labelled antigen alone.

The ELISA m ethod has been widely used in the detection o f pathogenic bacteria 

and bacterial toxins in foods. Specific antibodies targeting bacterial cell-surface antigens 

have allowed researchers to develop these ELISA methods. For instance, an antibody to 

the outer core polysaccharide o f  Salmonella, the lipopolysaccharide (LPS) molecule, has 

been used to detect Salmonella cells in food samples (Ng et al., 1996). Furthermore, 

antibodies specific to certain bacterial toxins has allowed for their detection via the 

ELISA method. For example, the E. coli toxin verotoxin (VT) 1, was detected by specific 

antibodies (Karmali et al., 1994).
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The ELISA immunoassay has several advantages over conventional detection 

methods. The use o f  monoclonal antibodies greatly improves the specificity o f  the ELISA 

for detection o f  foodborne pathogens and their toxins. Also, the method is much shorter 

than conventional methods, taking about 48 hours for its competition. However, there are 

some drawbacks. For instance, the sensitivity o f  the assay is approximately 10s- 106 

CFU/ml and 10-100 ng for toxins, thus making pre-enrichment necessary for optimal 

detection o f  bacteria cells and some type o f  concentration o f  the toxin (Swaminathan & 

Feng, 1994). Also coating the solid phase with capture antibody requires large quantities 

o f antibody to drive its adsorption on the surface, which tends to be costly. Antibody 

production is time consuming and requires the use o f  an animal host, which is expensive 

and can result in ethical objections. Furthermore, there are issues associated with their 

production, such as variability in stability and in the batch to batch quality o f the 

antibody.

Due to the cost associated with antibody-coated surfaces, alternatives to the 

coating technique have been examined. Polymyxin B has been shown to function as a 

high affinity capture agent for lipopolysaccharide (LPS) antigens in the detection o f 

various Gram negative pathogenic bacteria in foods. Polymyxin has the advantage o f 

being a relatively inexpensive synthetic agent, which is chemically stable and 

homogeneous, providing a solution for the use o f antibodies as a capture agent (Blais & 

Yamazaki, 1991). The use o f hemoglobin as a capture agent for LPS has also been 

employed for the detection o f Salmonella in food samples (Blais et al., 1998). However, 

the use o f  polymyxin or hemoglobin as a capture agent is impractical given that their
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binding affinity is limited to LPS. This makes it unrealistic as a capture agent in 

comparison to antibodies, which can accommodate a large variety o f targets.

3.2.1.2 Lateral flow immunoassays

Another immunological assay format is the lateral flow immunoassay test or the 

immunochromatographic strip tests, also commonly known as the dipstick test. The test 

strips consist o f  a plastic backing layered with overlapping absorbent pads and a 

nitrocellulose membrane, which are saturated with the detection and capture antibody, 

respectively, at a defined distance from one another. Once the sample is absorbed across 

the pads, any antigen present will react with the detection antibodies conjugated to 

colloidal latex or gold particles. The antigen-antibody complex moves laterally through 

the nitrocellulose m em brane towards the capture antibodies via capillary action and binds 

with the capture antibody to form a visible band (Figure 1.2). Results are available in 

about 5-10 min after application o f  the sample. The main advantage o f this technique is 

its rapidity, ease o f reading results, and simplicity, requiring no washing or other 

manipulations once the sample is applied (Feng, 1997). This test is versatile and available 

for a large range o f analytes, including foodborne pathogens and bacterial toxins. For 

example, the lateral flow immunoassay has been used for the detection o f  verotoxigenic 

E. coli in matrices such as raw milk, minced beef, apple juice, and salami (Aldus et al., 

2003), as well as the detection o f  Salmonella enterica, C. jejuni, L. monocytogenes, and 

E. coli 0157:H 7 in raw and processed meat and poultry products (Bohaychuk et al., 

2005). However, one limitation o f  this assay is the need for culture enrichment (Dwivedi 

& Jaykus, 2011).
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Figure 1.2 Schematic o f  the lateral flow immunoassay test. Sample is applied to the 

test strip, allowed to react with detection antibody conjugated to colloidal latex or gold 

particles, and is absorbed laterally across the strip (a). Any antigen present in the sample 

reacts with capture antibody producing two visible bands, a positive test line and a 

positive control line (b). The absence o f analyte results in a negative test result and one 

control line (c) (reproduced from O ’Farrell, 2009).
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3.2.1.3 Choice o f  solid phase

Over the years, a variety o f  solid phases have been used in immunoassays for 

immobilization o f  reagents. The most widely used solid-phase for antibody or antigen 

capture is the non-porous 96-well, polystyrene microtiter plate. However, variations o f 

immunoassays have been designed that involve the use o f other non-porous supports such 

as polystyrene tubes, microporous membranes, such as nitrocellulose or nylon 

membranes, or particulate solid phases, like magnetic or Sepharose beads (Butler, 2000). 

While these phases have proven effective, they do have some disadvantages. Due to the 

limited surface area, lengthy reaction kinetics are required for each immunoreaction, 

limited volumes o f  sample can be accommodated on the surface, and there are difficulties 

in handling, washing between reaction steps, and simultaneously processing multiple 

samples.

One novel solid phase that has emerged is a m acroporous, hydrophobic polyester 

cloth, the use o f which has been demonstrated in immunoassays (Blais & Yamazaki, 

1989a, b; Blais et al., 1989). Compared to non-porous solid phases, the macroporosity o f 

this inexpensive polyester cloth provides a larger surface area for the immobilization o f  a 

variety o f immunoreagents, such as antibodies and proteins or LPS antigens, resulting in 

improved reaction kinetics. Also, due to its thickness, compared to conventional 

microporous membranes like nitrocellulose, the cloth is able to accommodate a larger 

volume o f  sample. Finally, the polyester cloth exhibits excellent flow characteristics for 

easier washing between reaction steps using a simple vacuum filtration apparatus to 

remove unbound reagents, which is an advantage when testing multiple samples.



14

3.2.2 Nucleic acid-based methods

W ith the discovery o f  the structure o f the DNA double helix in the 1950s came decades 

o f intensive research in the m olecular biology and genetics fields, paving the way for 

innovative techniques. Despite its relatively recent introduction into to the area o f  food 

diagnostics, nucleic acid technology has made a large impact on the development o f 

nucleic acid-based assays for the detection and characterization o f foodbom e pathogens. 

Some o f  the more prominent nucleic acid-based techniques include nucleic acid

hybridization, polymerase chain reaction, multiplex polymerase chain reaction, and

nucleic acid sequence-based amplification.

3.2.2.1 Nucleic acid hybridization

Nucleic acid hybridization was the first nucleic acid-based technique used for the 

detection o f  foodbom e pathogens, introduced in the early 1980s (Feng, 1997). The 

technique involves the hybridization o f a DNA or RNA molecule present in the target 

organism with a DNA probe which has a sequence complementary to the target sequence. 

Probes for detecting bacteria or their toxins are typically between 15 to 30 nucleotides 

long and are developed by screening o f genomic DNA fragments or by targeting specific 

gene sequences for known products, such as virulence-associated genes or genes coding 

for bacterial toxins. Thus, the specificity o f the hybridization assay is completely 

controlled by the nucleotide sequence o f  the probe targeting a gene in the organism, 

making this assay more specific than antibody-based assays. The first step o f this method 

involves the lysis o f  bacterial cells to release the double stranded DNA, which is 

denatured using heat or an alkaline treatment to render it in a single-stranded format and
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is immobilized on a solid support. This allows for hybridization with the complementary 

DNA probe. Different detection techniques can be used for the detection o f the hybrid. In 

the past, DNA probes were labelled with radioisotopes; however, due to safety risks 

radioisotopes are no longer used. Instead, probes can now be non-radioactively labelled 

with small m olecules like biotin and digoxigenin (DIG), enzymes such as AP and HRP, 

or fluorophores (W etmur, 1991). Nucleic acid hybridization has been used for the 

detection o f Salmonella species (Doran et al., 1993), Listeria monocytogenes (Kim et al., 

1991), and Shiga-like-toxin-producing E. coli (Samadpour et al., 1990). Despite the 

specificity associated with the use o f DNA probes, the m ethod’s detection threshold 

ranges from 104 to 105 CFU/ml (Swaminathan & Feng, 1994). Thus, selective enrichment 

is necessary to obtain the required sensitivity, lengthening the procedure time.

3 2 .2.2 The polymerase chain reaction (PCR)

With the advent o f  the polymerase chain reaction (PCR) in 1983 (Mullis et al., 1986), the 

field o f m olecular biology was forever revolutionized; the popularity o f  the technique 

stemming from the small amount o f DNA sample required for amplification to the few 

hours it takes to complete. The PCR technique allows for the in vitro amplification o f 

specific nucleic acid sequences. The amplification o f target sequences occurs through the 

repeated cycling o f  three steps, denaturation, primer annealing, and prim er extension, in a 

thermocycler resulting in exponential amplification (Figure 1.3). In the first step o f the 

cycle the sample is heated to denature the double-stranded (ds)DNA into single-stranded 

(ss)DNA. During the second step, specific primers which are complementary to 5’ and 

3 ’segments flanking the target DNA sequence, anneal to the target sequence. Finally, 

thermostable DNA polymerase uses free nucleotides from the solution to extend the
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F igure  1.3 Steps o f  basic PCR amplification o f  nucleic acid oligonucleotides. A target 

gene is chosen for amplification. Short oligonucleotide sequences, complementary to the 

5’ and 3 ’ regions flanking the target sequence, are designed to serve as primers for DNA 

synthesis (A). The DNA strands are separated by heat denaturation to form single strands. 

The temperature is lowered to allow for primer annealing to the strands (B). The 

temperature is subsequently raised to an optimum level for a thermostable polymerase 

and new strands are synthesized using the original strands as templates, resulting in twice 

as many copies o f  the target region as originally present (C). Continued cycling o f 

denaturation, prim er annealing, and extension, allows for the exponential amplification o f 

the target sequence (reproduced from Hill, 1996).
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annealed primers using the target DNA as the template. Upon completion o f this cycle, 

another cycle begins, increasing the number o f  target copies in an exponential manner. 

Theoretically, this procedure can detect even one molecule o f  target DNA, which can 

generate 1.5 * 106 copies after 30 cycles o f  PCR (Swaminathan & Feng, 1994). By 

amplifying a sequence that is unique to pathogenic targets o f interest, this in vitro 

amplification m ethod can be used to detect low concentrations o f bacterial pathogens. 

The m ost comm on pathogenic targets include genes for specific enzymes, strain-specific 

genes, like outer membrane proteins or heat shock proteins, virulence genes or antibiotic 

resistance genes; essentially, genes that are unique to the target organism and absent in 

non-target organisms. M any PCR protocols have been described for the detection o f 

foodbome pathogens. Some examples include PCR detection o f Salmonella typhimurium 

(Rahn et al., 1992) and o f  Listeria monocytogenes (Blais et al., 1995).

Although nucleic acid amplification techniques are more sensitive and specific 

than conventional culture methods, there are some drawbacks. PCR assays can be 

inhibited by food matrices, resulting in false-negatives; thus assays continue to need a 

brief culture enrichment period to overcome these problems. Finally, PCR suffers from 

the inability to distinguish between live and dead cells since DNA will persist after cell 

death, resulting in false-positives.

3.2.2.3 M ultip lex  PC R

In order to increase the efficiency o f diagnostic PCR, adaptations to the conventional 

PCR were made, allowing multiple targets to be amplified at once, a process called 

multiplex PCR. This method combines multiple primer pairs in one single PCR reaction 

allowing simultaneous amplification o f multiple gene targets. This multiple amplification
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characteristic increases the amount o f information that is generated from a sample, an 

advantage in high throughput analysis. Several examples o f  m ultiplex PCR have been 

seen in the detection o f  pathogens like multidrug-resistant Salmonella typhimurium 

D T I04 (Khan et al., 2000), Clostridium botulinum types A, B, E, and F (Lindstrom et al., 

2001), enterotoxigenic Escherichia coli strains (Osek, 2001), and enterohemorrhagic 

Escherichia coli (Blais & M artinez-Perez, 2011). However, still being a PCR-based 

method, this technique inherits the same drawbacks as PCR mentioned above.

3.2.2.4 NASBA

An alternative nucleic acid amplification technique providing enormous potential for the 

amplification o f  targets is the nucleic acid sequence-based amplification (NASBA) 

developed in the early 1990s for the ultrasensitive and selective detection o f  specific 

sequences (Compton, 1991). NASBA is a simple and alternative method to PCR, mainly 

targeting single stranded RNA, but can also amplify DNA. Unlike PCR, it is an 

isothermal amplification and, therefore, it does not require a thermocycler, which gives it 

an advantage over PCR. Also, the amplification time for the NASBA reaction is reported 

to be faster than PCR. DNA amplification via PCR achieves greater than one million-fold 

replication in about three to four hours whereas NASBA can yield RNA amplification o f 

a billion-fold in about two hours (Compton, 1991). A NASBA reaction uses three 

enzymes, bacteriophage T7 RNA polymerase, ribonuclease H (RNase H), and avian 

myeloblastosis virus reverse transcriptase (AM V-RT) and two specific oligonucleotide 

primers, a forward prim er with a 5’ promoter sequence that is recognized by the T7 RNA 

polymerase enzyme and a reverse primer.
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Briefly, the initial reaction mixture is heated to 65°C to denature the RNA and 

promote annealing o f the forward primer before the reaction temperature is reduced to 

41 °C and all three enzymes are added to the mixture (Figure 1.4). The annealed forward 

primer is extended by AM V-RT, creating an RN A xD N A  hybrid. The RNA strand is 

hydrolyzed by RNase H leaving ss-cDNA, to which the reverse prim er anneals to and 

AM V-RT extends. The resulting ds-cDNA product, containing the T7 RNA polymerase 

promoter incorporated via the forward primer, is transcribed into many copies o f  RNA by 

the T7 RNA polymerase enzyme. After this initial non-cyclic phase, NASBA enters the 

cyclic phase in which the newly formed RNA serves as a template for the reverse primer 

to bind to and be extended by AM V-RT. Subsequently, the RNA template is digested by 

RNase H, allowing the forward primer to bind to the cDNA and be extended by AMV- 

RT to form ds-cDNA tem plates for the T7 RNA polymerase to bind to and synthesize 

RNA, initiating another cyclic round. Up to 100 RNA copies per ds-cDNA template are 

reportedly made in each cycle (Compton, 1991; Dwivedi & Jaykus, 2011).

Using similar pathogenic targets as in PCR, NASBA can be optimized for the 

detection o f pathogenic bacteria, such as for the detection o f Campylobacter jejuni 

(Uyttendaele et al., 1997), the identification o f species o f  mycobacteria (van der Vliet et 

al., 1993), and for the detection o f Cryptosporidium parvum  (Baeumner et al., 2001). 

Although these studies target the detection o f RNA from pathogenic bacteria, NASBA 

can be tailored to amplify DNA targets. To be amplified by NASBA, dsDNA is added to 

the NASBA reaction mixture and the solution is heat denatured before a brief incubation 

at 41°C to allow forward prim er annealing. The forward prim er is extended by AMV-RT, 

followed by a second round o f denaturation, producing a ssDNA intermediate to which
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the reverse prim er anneals to and continues with the rest o f the NASBA amplification as 

previously described. Some examples o f the use o f  DNA NASBA include the detection 

o f  Listeria monocytogenes hlyA genes (Blais et al., 1996) and o f  hepatitis B virus, herpes 

simplex virus and Staphylococcus aureus (Deiman et al., 2008).

3.2.2.5 Nucleic acid amplification product detection

To verify that a nucleic acid amplification technique has occurred, the product or 

amplicon(s) must be detected. One o f the m ost commonly used amplicon detection 

methods based on m olecular size is by agarose gel electrophoresis with ethidium bromide 

staining o f  the separated DNA. Although this method is simple, detection via gel 

electrophoresis does not enable specific confirmation o f  the identity o f the amplicon, 

since even non-specific PCR products can appear to have a similar molecular size as a 

target product. Furthermore, gel electrophoresis is not suitable for high throughput 

screening and results may be difficult to interpret if  multiple bands appear on the gel 

when only one is expected.

The recently introduced real-time PCR involves the detection o f  PCR products by 

the incorporation o f fluorescently-labelled probes into the mixture that bind to the 

amplified DNA as it is copied. The resulting fluorescent signal is detected automatically 

in the PCR therm ocycler, allowing for simultaneous amplification and detection o f DNA 

as it occurs, obviating the need for post-amplification processing. Some fluorescent 

systems used include probe-based platforms like TaqM an or molecular beacon probes. 

For example, molecular beacon-based real-time PCR has been applied to the detection o f 

Salmonella, with a reported detection range between 104 to as few as 2 CFU per PCR
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reaction (Chen et al., 2000). Real-time PCR techniques are o f particular interest in food 

diagnostics in that they provide a shorter analytical turnaround time and can detect 

organisms quantitatively, providing information not only with respect to the presence or 

absence o f  a pathogen, but also giving an indication o f  the level o f hazard associated with 

a sample. The convenience o f this method stems from the fact that amplification and 

detection occur in the same reaction tube, obviating the need for post-amplification 

processing, but also minimizing contamination issues. A sim ilar situation can be set up 

with a NASBA reaction. The exponential amplification o f the target RNA resulting from 

a NASBA reaction allows enough amplicon to be generated so that it can be detected by 

agarose gel electrophoresis; however, more recent NASBA m ethods incorporate 

fluorescent probes so that detection can occur in real time.

The emergence o f the DNA microarray has facilitated the identification o f DNA 

sequences and expression levels o f  specific genes. More recently, DNA microarray 

technology have been developed for use in the detection of pathogenic bacteria 

(Chizhikov et al., 2001; Strizhkov et al., 2000). DNA microarrays are small, solid 

supports, usually glass slides, upon which thousands o f probes are immobilized and work 

by exploiting DNA hybridization. Samples being analyzed are fluorescently labelled and 

hybridize with the immobilized probes on the microarray. Bound targets are detected 

using laser technology, the scanner creates a digital image o f the array, and the data is 

stored on a computer, where a special program is used to analyze the fluorescence 

patterns. Due to the large num ber o f probes that may be immobilized on the microarray, 

the data generated from a single array can mount up quickly; data which can be highly 

complex. The main advantages o f microarray technology are high throughput,
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miniaturization, speed, and automation. Although this technology and the information 

garnered from it is advantageous for epidemiologists, such complicated information is not 

practical for food testing laboratories, which wish to ascertain the presence or absence o f 

a pathogen in food samples or identify key markers, such as virulence, toxin, or antibiotic 

resistance genes. Furthermore, the microarray systems rely on sophisticated and costly 

instruments, which are not generally a realistic capability o f  a typical food microbiology 

laboratory.

M ore practical improvements in nucleic acid amplification assays have lead to the 

incorporation o f non-radioactive labels, such as digoxigenin (DIG) into the PCR 

amplicon. These PCR amplicons are subsequently hybridized with DNA probes 

immobilized in the wells o f  a microtiter plate and the bound label is detected with the use 

o f  an anti-DIG-peroxidase conjugate (Monteiro et al., 1997). The use o f  a microtiter plate 

allows for the analysis o f  a large number o f samples. Another advantage o f  this technique 

is the nucleic acid hybridization aspect ensures the specificity between the target and the 

probe.

M ore recently, one particular method has been implemented in microbiological 

laboratories providing a simple and rapid DNA m acroarray system, which is known as 

the cloth-based hybridization array system (CHAS) (Gauthier & Blais, 2005). This assay 

makes use o f DNA hybridization o f DIG-labelled multiplex PCR amplicons, for the 

identification o f many bacterial pathogens based on specific key m arker genes such as 

virulence, toxin, antibiotic resistance and pathogen-specific genes. M ultiplex PCR is used 

to simultaneously amplify many targets as well as incorporate DIG-dUTP into the 

amplicons. The PCR amplicons are subsequently detected by hybridization with an array
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o f probes imm obilized on macroporous polyester cloth, followed by immunoenzymatic 

assay o f  the bound DIG label (Figure 1.5). Several assays have demonstrated the use of 

the CHAS assay in the detection o f toxin genes associated with major foodborne 

pathogens (Gauthier & Blais, 2005), in the detection o f  m ulti-drug resistant Salmonella 

typhimurium D T I04 in poultry (Blais et al., 2007) and in the detection o f multiple gene 

markers in E. coli (Blais & Martinez-Perez, 2011).

4. Im m uno-PCR

While nucleic acid amplification techniques are suitable for the detection o f  pathogenic 

microorganisms themselves, they will not permit the direct detection o f  bacterial toxins or 

other contam inants, such as allergens in foods. Since some toxins found in foods are 

extremely potent and can be lethal, sensitive tests are required to permit the detection o f 

very small am ounts o f  these toxins to assure the safety o f  foods. M ethods based on 

immunoassay techniques have been reported for the detection o f various BoNT types 

produced by Clostridium botulinum (Poli et al., 2002) and E. coli verotoxins (VT) 

(Karmali et al., 1994). However, their sensitivity remains limited, reducing their 

usefulness in the early detection o f  toxins in foods. This is due to the limited capacity o f 

marker enzymes linked to an antibody to generate a strong enough signal that is 

detectable when converting a substrate molecule to a chromogenic or fluorogenic 

product. Furthermore, the fact that detection m ust occur amid the complexity o f  the food 

samples may result in potential assays that are inhibited.

A potential assay for the ultrasensitive detection o f bacterial antigens and toxins 

was first described in 1992 by Sano et al and combines E1A techniques with nucleic acid
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F igu re  1.5 Scheme for the cloth-based hybridization array system (CHAS). 

Amplicons incorporating digoxigenin (DIG)-labelled dUTP generated in multiplex PCR 

(1) are detected by hybridization with an array o f  amplicon-specific DNA probes 

immobilized in discrete spots on a polyester cloth strip (2), followed by 

immunoenzymatic assay o f  bound label using anti-DIG antibody-peroxidase conjugate 

(3), and colorimetric detection using tetram ethylbenzidine (TMB) membrane peroxidase 

substrate solution (4) (reproduced from Blais and Gauthier, 2007).
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amplification is known as immuno-PCR. Immuno-PCR is sim ilar to the antibody-antigen 

principle o f EIA, but instead o f an enzyme-conjugated antibody for signal generation, the 

antibody is conjugated to a DNA fragment that is amplifiable by PCR (Figure 1.6). This 

method takes advantage o f  the specificity o f antibodies for their antigens and the 

sensitivity o f PCR m aking it more sensitive than conventional immunoassays. Several 

studies have compared the sensitivity o f immuno-PCR with EIA and report immuno-PCR 

to be 1000-fold more sensitive than EIA (Kakizaki et al., 1996; Wu et al., 2001; Liang et 

al., 2003). However, there are limitations associated with immuno-PCR such as the 

complicated chemistry o f  linking the antibody to the DNA fragment, impacts on the 

binding activity o f  the antibody, uncertain yields, and increased background signals. 

Despite these limitations, the basic principle o f imm uno-PCR has the potential to be an 

effective ultrasensitive technique as alternative amplification and amplicon detection 

strategies can be explored.

5. Affinity binding reagents

Affinity binding reagents play a large role in a variety o f  experiments in the scientific 

field, such as ELISA techniques, Western blotting, immunoprecipitation, and affinity 

chromatography. They are an assortment o f ligands that bind specifically to a larger 

target molecule to identify, capture, or purify the target. Ideal affinity reagents must have 

diverse target recognition, high specificity or low crossreactivity, high sensitivity, good 

binding affinity, and adaptability to many different assay designs (Stoevesandt & 

Taussig, 2007). The m ost familiar affinity reagent is the antibody; however, other affinity 

reagents include peptides or other small chemical molecules.
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Figure 1.6 Schematic diagram o f immuno-PCR. An antigen (Ag) detection system in 

which the antigen is captured by an antibody-coated surface and an antibody-DNA 

conjugate is used to detect the antigen through the specific amplification o f  the DNA 

fragment by PCR.
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Antibodies are the best established and most widely used affinity reagents for 

detection o f  targets due to their high specificity. In some cases, antigens may have 

m anyepitopes that are the same or that differ from one another. Antibodies are defined 

functionally by the epitope they specifically recognize, making their use advantageous in 

detection. However, the development o f  antibodies is time-consuming and expensive. In 

addition, many antigens may be non-immunogenic or extremely toxic; therefore, they 

cannot be used to generate antibodies in animals.

Other peptide affinity reagents, such as protein A, G, A/G, or L are most often 

used for antibody purification (Hober et al., 2007). They are bacterial surface proteins 

and reportedly bind strongly to most species and subclasses o f  mam malian IgG 

antibodies and can be bound to a solid matrix to facilitate the immunoprecipitation o f 

antigen-antibody complexes. However, this method also involves antibodies, therefore, 

inheriting sim ilar disadvantages. Proteins like lectins can also be used as affinity 

reagents. Lectins, such as Concanavalin A (con A) are glycoprotein-binding proteins, 

which can be ideal for the detection o f cell surface glycoproteins. As opposed to antibody 

selection against a target, lectins can only target a defined set o f glycoproteins. Finally, 

the streptavidin-biotin reaction is also a frequently used affinity system. The protein 

streptavidin has an extremely high affinity for the cofactor biotin. M any compounds can 

be easily biotinylated without affecting the biological activity o f the compound, allowing 

for a broad range o f applications. However, one disadvantage o f the strong interaction 

between streptavidin and biotin is the harsh denaturing conditions required to accomplish 

dissociation, which may denature targets. Furthermore, since biotin is a biological
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molecule, endogenous biotin in samples can cause high background levels and specificity 

issues.

5.1 Novel affinity binding reagents

Although affinity binding reagents such as antibodies have applications in detection, 

there are several limitations, specifically their production in large quantities and its costs. 

Alternative affinity reagents with high specificity and affinity and that can be easily and 

cost-effectively produced are needed. M olecular imprinted polymers and nucleic acid 

aptamers have sim ilar binding properties to these classical affinity reagents and are 

becoming viable alternatives.

5.1.1 M olecular imprinted polymers

Similar to the “lock and key” model o f enzyme-substrate chemistry, molecular imprinting 

is a technique used for the preparation o f synthetic polymers with specific binding sites 

for a target m olecule (M urray et al., 1997). To create a m olecular imprinted polymer 

(MIP), monomers carrying certain functional groups are pre-organized or self-arrange 

around the template through covalent or noncovalent interactions, respectively. Following 

the arrangement, the m onomers are crosslinked to each other to form a polymer matrix, 

holding the functional groups in position. Subsequently, the template is removed by 

solvent extraction or chemical cleavage, and the resulting M IP contains a specific cavity 

or imprint that is sterically and chemically complementary to the tem plate molecule 

(Alexander et al., 2006). The specific functional groups are capable o f  rebinding the 

target molecule with high specificity, comparable to that o f antibodies.
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M IPs have unique binding characteristics, high chemical and physical stability, 

are durable to harsh chemical media, heat, and pressure, and can be used repeatedly 

without loss o f  activity. For these reasons, MIP are sometimes referred to as artificial or 

“plastic” antibodies and are considered an alternative to antibodies (Ye & Haupt, 2004). 

It has been shown that they can be substituted for biological receptors in certain formats 

o f immunoassays and biosensors (Lavignac et al., 2004). Although the majority o f  MIP 

research has focused on concentrating or detecting low molecular weight analytes in 

analytical chemistry, there has been interest in applying M IP’s for the detection o f food 

contaminants (Lok & Son, 2009).

5.1.2 Aptamers

Nucleic acid aptamers are another potential source o f  high affinity binding reagents 

against several targets, with some distinct advantages in production and amplification. 

Aptamers, derived from the Latin word “aptus”, meaning “to fit” are a relatively new 

field. They are synthetic short single-stranded nucleic acids, either DNA or RNA, with 

similar binding properties as to those o f antibodies. They are able to fold into unique and 

stable structures and bind specifically to their target with high affinity (Figure 1.7) 

(Silverman, 2007). Rapid association and slow dissociation rates give them an 

unexpectedly high affinity. Aptamers have a wide range o f targets, from small molecules 

such as antibiotics, biomolecules, and biological co-factors, to macromolecules such as 

growth factors, marker peptides, immunoglobulins, and toxins to even viruses or live 

cells (Silverman, 2007).



Figure 1.7 Schematic o f a specifically folded aptamer. Aptamers are unstructured 

when in free solution in the absence o f  their targets, but will take on a specific 

confirmation when binding to a target. The aptamer structure depicted here is specific to 

aptam er binding to thrombin protein. Solid lines, phosphodiester bonds; dashed lines, 

hydrogen bonds (modified from Tasset et al., 1997).



32

Due to this large number o f  possible targets, their unique characteristics, and their 

chemical structure, aptamers have become ideal candidates for use in many diagnostic, 

therapeutic, and (bio)analytical applications (Jayasena, 1999; Mairal et al, 2008; 

Tombelli et al, 2007). Aptamers have been found to be applicable to food safety testing 

and have been seen in the detection o f various small molecule targets, such as pesticides 

(Stead et al., 2010), toxins (Kuang et al., 2010), antibiotics (Niazi et al., 2008; Kim et al., 

2009), and pathogenic targets, such as bacterial targets like Campylobacter jejuni (Bruno 

et al., 2009), Listeria monocytogenes (Yamamoto et al., 2010), and Salmonella 

typhimurium  (Joshi et al., 2009). M any o f these tests involve sophisticated platform 

technologies. For instance, aptamers have emerged as a viable alternative to antibodies in 

biosensor platforms. Biosensors are devices designed to detect a target using a 

combination o f  a specific molecular recognition elem ent and detection element (Ricci et 

al., 2007). A specific ligand, often an antibody, acts as a target recognition element to a 

particular analyte o f interest, which produces a primary signal upon binding to the target. 

This primary signal is converted into a measurable signal by a transducer that acts as a 

detector element. The signal is obtained, stored, amplified, manipulated, and analyzed. 

Recently, more aptam er-based biosensors have been developed, with aptamers 

immobilized on a solid surface to serve in signal transduction upon binding with an 

analyte (Cho et al., 2009; Zhou et al., 2010). The use o f  aptamers in biosensors has 

shown more advantages over the use o f antibodies (Song et al., 2008; Tombelli et al., 

2007). However, many o f  these platforms require specialized custom -built devices or 

complex chemistries for reagent detection, which is not practical for food microbiology 

analytical testing laboratories.
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Aptamers are isolated from a library o f  synthetic oligonucleotides through a 

process called Systematic Evolution o f Ligands by Exponential enrichment (SELEX) 

(Figure 1.8) (Ellington & Szostak, 1990; Tuerk & Gold, 1990). The initial aptamer pool 

consists approxim ately o f  1014- 10!5 oligonucleotides that have conserved 5’ and 3’ primer 

binding sequences and a randomly generated middle portion. A target molecule is added 

to allow binding o f  aptamers in the pool. Aptamers are largely unstructured in the 

absence o f  their targets; however, upon introduction o f  the target to the solution aptamers 

will take on a specific confirmation when binding occurs to allow for selective target 

recognition. The target-aptam er complex is isolated and the aptamers with the highest 

binding affinity are amplified by PCR. This process is repeated until the best aptamer is 

found. The aptamers that emerges from the SELEX selection are full-length sequences 

containing the conserved primer binding sequences. These full-length aptamers can be 

truncated to elim inate nucleotide portions o f the aptam er that are not involved in the 

direct interaction with the target. In the majority o f cases, the primer binding sequences 

are not important for aptamer function and can be eliminated. Once the aptamer sequence 

is identified, an aptam er is produced by chemical synthesis, providing ample quantity o f 

aptamer and elim inating batch to batch variety. Furthermore, due to their chemical 

synthesis, m odifications can be made to the aptamer to enhance its stability, affinity and 

specificity.

Aptamers have several distinct advantages over antibodies in their production and 

amplification, m aking their use preferable. As previously mentioned, antibody production 

is time consuming and there is variability in antibody stability and in its batch to batch 

quality, as well as the need for a cell line and animal model. Aptamer selection occurs in
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F igure  1.8 Process o f the Systematic Evolution o f  Ligands by Exponential 

enrichment (SELEX) in the selection o f aptamers. An oligonucleotide pool o f single 

stranded DNA or RNA molecules is incubated with a target molecule. Non-binding 

aptamer molecules are separated from bound aptamers. Bound aptamers are eluted and 

subsequently amplified by PCR resulting in an enriched pool for sequence binding to the 

target. The pool is then subjected to further rounds o f  selection (reproduced from 

W eigand & Suess, 2009).
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vitro, which eliminates the use o f animals. Due to this in vitro selection, aptamers for 

many more targets can be developed, such as toxins, which might produce unwanted 

immune responses in animals, making antibodies against these targets difficult to raise. 

Furthermore, the chemical synthesis o f  aptamers makes reproducibility accurate and 

eliminates batch to batch variability. Finally, aptamers have higher tem perature stability. 

Whereas antibodies are sensitive to temperature and their denaturation is irreversible, 

aptamers can recover their native confirmation after denaturation. All these advantages 

over antibodies make aptamers a potentially better alternative.

6. Need for simple, rapid, inexpensive methods for pathogen detection

Food safety is an increasingly important public health issue and the detection o f 

contaminants is o f  the utmost importance to ensure food is safe for consumption. To 

safeguard public health simple, rapid, and accurate assays for the detection o f 

contaminants are needed to eliminate the sale and consumption o f contaminated foods by 

consumers. M any o f the rapid assays that have been developed recently target only a 

single pathogen, whereas conventional methods can test for multiple pathogens by 

adjusting the selective media. Furthermore, many rapid method systems require 

expensive instruments or equipment, which may be a drawback for some laboratories. 

Also, the usefulness o f some rapid methods can be limited depending on the target o f 

detection. For instance, DNA probes and PCR assays target the genetic potential o f  a 

pathogen to produce toxins or express virulence but they give no indication o f  expressed 

virulence or toxins already present in food samples. Assays using m olecular biological 

techniques are also affected by the various food matrices and normal microflora, thus still
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requiring pre-enrichment. Therefore, most o f these techniques are used for screening 

purposes and all positive results are still required to be confirmed by culture methods.

The prim ary objective o f  food testing laboratories is to provide information for 

the effective analysis o f  the hazards associated with the distribution and consumption o f 

foods. In addition to testing for many foodbome pathogens, m ost food testing laboratories 

are required to have the capacity to process a large number o f  samples for the presence o f 

specific pathogenic bacteria in foods. Thus, it is imperative for researchers to develop 

rapid, specific and ultrasensitive detection methods aimed at eliminating pre-test 

preparation and enhancing high throughput testing in the most efficient manner to 

safeguard public health.

7. Objectives

The goal o f  this project was to develop novel assay principles by incorporating aptamers, 

as either capture or detection affinity binding reagents, in the identification o f foodbome 

pathogenic bacteria and other contaminants that are a concern to food safety inspection 

programs. The first objective was to develop a simple and rapid immunoenzymatic assay 

system using aptamers immobilized on macroporous polyester cloth to act as a high 

affinity binding surface for the capture o f analytes. The second objective o f  the thesis was 

to combine aptamers and amplification techniques in which aptamers provide 

ultrasensitive detection signal upon binding to target analytes. Thus the ultimate goal o f 

the project was to exploit aptamer reagents as an alternative to traditional antibodies that 

could provide ultrasensitive and specific detection o f analytes in test samples.
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The development o f the dot blot imm unoenzymatic assay system, termed 

“aptablot” , was to adapt a simple assay platform to include the use o f aptamers as capture 

reagents (Chapter 2). Based on the advantages o f  polyester cloth, oilgo-DNA aptamers 

were to be tested for their immobilization ability on this novel solid phase for their 

subsequent use in the capture o f specific analytes from samples, followed by detection by 

standard imm unoenzymatic procedures, resulting in a “sandwich” aptablot format (Figure 

1.9 a). Displacement and competitive inhibition aptablot systems were also developed 

for the detection o f  single epitope analytes (Figure 1.9 b). The combination o f aptamers 

and cloth provided a simple, rapid, and cost effective assay that can be applied in 

laboratories for use without the need for sophisticated equipm ent or technology.

The second half focused on the development o f  the Amplified Aptamer Assay 

(A3). In the developm ent o f this novel ultrasensitive assay technology, analyte-specific 

DNA aptamers were utilized as affinity binding reagents for the detection o f test analyte 

captured on an antibody-coated solid phase, such as a microtiter plate. Based on the 

hypothesis that single stranded DNA aptamers can be amplified like any other 

polynucleotide sequence, subsequent detection o f the bound aptamer by nucleic acid 

amplification techniques provided exponential amplification o f  the aptam er itself in order 

to facilitate detection o f even minute quantities in the m icrotiter plate (Figure 1.10). 

Therefore, the first objective o f  the development o f this assay was to establish a suitable 

nucleic acid amplification method to increase the aptamer copy numbers. The two most 

viable options for amplification included the ultrasensitive and simple NASBA (Chapter 

3) and PCR (Chapter 4) methods. Following the development o f  an aptam er amplification 

technique, the goal was to apply the technique to the detection o f  a specific analyte that
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F igure  1.9 Schematic diagram of aptablot assay system. Aptamer-coated cloth is used 

to capture throm bin analyte from solution in a “sandwich” assay format (a). Thrombin 

protein is detected immunoenzymatically by subsequent reactions with anti-thrombin 

antibody, enzyme labeled antibody, and enzyme substrate. Enzyme labeled thrombin may 

be displaced by or competitively inhibit unlabeled thrombin from binding to aptamer 

coated cloth (b).
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Figure 1.10 Proposed Amplified Aptamer Assay (A3) for the detection o f contaminates 

in samples. Detection o f  target thrombin protein analyte (Thr) captured by antibody- 

coated wells occurs via amplification o f thrombin-specific aptamer bound to the protein 

analyte. Amplification techniques include Nucleic Acid Sequence-Based Amplification 

(NASBA) or polymerase chain reaction (PCR).
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had been imm uno-specifically captured from free solution. Thus an assay o f this nature 

will allow ultrasensitive detection o f analytes.

In order to demonstrate a proof-of-concept o f  the aptablot and A 3 assays, an 

appropriate model system had to be chosen. Since a primary limitation in the use o f RNA 

aptamers as capture molecules for targets o f interest is their nuclease sensitivity, an 

appropriate DNA aptam er model system was sought. Thus this thesis focused on the 

ultrasensitive detection o f thrombin protein as a model analyte due to the fact that several 

DNA aptamers specifically targeting thrombin protein have been reported in the literature 

and have been well characterized (Bock et al., 1992; Tasset et al., 1997) and specific anti

thrombin antibodies are commercially available.

As m entioned before, the oligonucleotide pool used in a SELEX selection consists 

o f randomly generated oligonucleotides flanked by 5’ and 3 ’ prim er binding sequences to 

allow PCR amplification to occur. Following the SELEX procedure, aptamers are 

optimized to give a minimal consensus sequence for high affinity binding by removing 

any superfluous nucleotides that do not play a role in target binding, including the primer 

binding sequences. Initially, two different thrombin aptamer sequences were chosen for 

application in the aptablot and A3 system, a 15 nucleotide aptamer (Bock et al., 1992), 

Apt 1, and a 29 nucleotide aptamer (Tasset et al., 1997), Apt 2. These consensus 

sequences are a result o f  two independent thrombin aptamer SELEX selections and are 

the most optim ized aptamer sequences with the highest binding affinity o f their 

respective selections. However, since both aptamers are short, each approximately the 

general size o f  a prim er, additional primer binding sequences were appended at the 5’ and



41

3 ’ ends o f the aptamers to allow for prim er binding and extension in the development o f 

the aptamer amplification technique o f the A 3 system.
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CHAPTER 2

Immobilization o f  DNA Aptamers on Polyester Cloth for Antigen Detection 

by Dot Blot Immunoenzymatic Assay (Aptablot)
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A b strac t

A dot blot immunoenzymatic assay system was developed using polyester cloth coated 

with an oligo-DNA aptamer to provide a high affinity macroporous surface for the 

efficient capture o f  a model protein analyte, thrombin, in complex sample matrices such 

as foods. Bound thrombin was detected immunoenzymatically using an anti-thrombin 

antibody, a peroxidase-linked antibody, and a chromogenic substrate, resulting in a 

sandwich assay format. A unique feature o f  this approach, which has been termed 

“aptablot” , is the facile immobilization o f DNA aptamers on the polyester surface by 

cross-linking with brief exposure to ultraviolet light, and the simple assay format 

eliminating the need for specialized instruments. Immobilization of aptam er sequences o f 

different lengths was feasible in this manner, though for shorter aptamers the addition o f 

a 5 ’-poly-T tail was necessary to obtain stronger assay signals. Slight modifications to the 

procedure resulted in the ability to perform competitive inhibition and displacement 

assays for the detection o f analytes with one epitope.

2.1 Introduction

The detection o f  specific antigens in samples, such as bacterial pathogens or toxins, 

remains an important concern in the fields o f human and animal health diagnostics, food 

safety testing, and basic research. Several rapid methods have been developed to improve 

testing efficiencies o f conventional culture methods. One o f  the m ost widely used 

approaches developed for this purpose is the Enzyme-Linked ImmunoSorbent Assay 

(ELISA) technique. The classic “sandwich” ELISA utilizes specific antibodies 

immobilized on a solid phase to create a high affinity surface for the capture o f  antigens,
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which are subsequently detected by reaction with an enzyme-linked antibody. However, 

the use o f antibodies as assay reagents suffers from the high cost and time required for 

their production, as well as variability in stability, quality, and yield which may occur 

from one batch to another. Coating the solid phase with capture antibody consumes a 

high quantity o f the available antibody, which must be applied in large excess to drive its 

immobilization on the solid phase. A variety o f solid phases such as non-porous 

polystyrene microwells and microporous membranes lend themselves to the 

immobilization o f  antibodies for ELISA procedures. For instance, the lateral flow 

immunoassay test employs nitrocellulose membranes. In this assay, the membrane is 

saturated with detection and capture antibodies. Any absorbed antigen binds the detection 

antibodies and move laterally towards the capture antibodies to form a visible band. More 

recently, the use o f  m acroporous polyester cloth as a solid phase for the immobilization 

o f antibodies has been seen in the development o f  simple dot blot assays (Blais and 

Yamazaki, 1997). Compared to non-porous and microporous solid phases, polyester cloth 

has the advantages o f offering a readily available large surface for the immobilization o f 

immunoreagents promoting rapid immunoreaction kinetics and ease o f  washing between 

reaction steps.

Aptamers made o f DNA or RNA oligonucleotides have emerged as a new class o f 

synthetic receptors, which in some applications may replace antibodies as reagents for the 

assay o f  macromolecule analytes, such as proteins associated with pathogenic bacteria 

(Joshi et al., 2009). Aptamers recognizing a wide array o f  different proteins have been 

produced and there have been several reports o f their adaptation as detection reagents in 

biosensors and other assay devices in which they are immobilized on a solid surface to
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serve in signal transduction upon binding with an analyte (Tombelli et al., 2007). Many 

o f these assay systems utilize specialized custom-built devices or complex chemistries for 

aptamer imm obilization and reagent detection, which are not within the scope o f food 

m icrobiology testing laboratories.

The present study examined the use o f  polyester cloth as an adsorbent for DNA 

aptamers in the developm ent o f  simple assays utilizing cloth strips upon which multiple 

samples can be blotted, and hence, processed simultaneously. The immobilization o f 

oligo-DNA probes on polyester cloth by brief exposure to ultraviolet light for use in the 

detection o f  PCR products by hybridization has previously been shown (Blais & 

Martinez-Perez, 2011). Thus it was postulated that this simple approach should also 

permit the immobilization o f  DNA aptamers to create a high affinity capture surface for 

the immunogenic assay o f  target analytes. The sandwich “aptablot” approach resembles a 

“ sandwich” ELISA assay in which target molecules bearing multiple epitopes or binding 

sites are captured by an affinity binding agent coated on a solid phase, followed by 

detection using a second enzyme-linked binding agent.

However, the sandwich aptablot approach would not be successful in the 

detection o f  analytes with small molecular size, where there might only be a single 

binding site thus preventing its capture with one agent and detection with another. 

Therefore, the developm ent o f a “displacement” and a “competitive inhibition” assay for 

the detection o f single epitope analytes was briefly explored. This assay involved a 

standard preparation o f target molecule conjugated to the detector enzyme which can 

either be displaced from aptamer-coated cloth by free target or compete with free target 

for binding to aptam er-coated cloth. As mentioned in Chapter 1, a thrombin model
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system was used due to the availability o f well characterized DNA throm bin aptamers. 

Finally, a lysozyme aptamer (W ang et a l,  2009) was also selected for the alternative 

detection o f  lysozyme to demonstrate broader applications o f the sandwich aptablot 

assay.

2.2 M aterials and M ethods

2.2.1 Aptamers

Aptamers used in the present study were selected against the human coagulation protein 

thrombin (Table 2.1). Apt 1 and Apt 2 are DNA thrombin aptamer consensus sequences 

resulting from two independent SELEX selections that have been reported in the 

literature; one 15 nucleotide sequence (Bock et al., 1992) and one 29 nucleotide sequence 

(Tasset et al., 1997), respectively. M odified (Mod) Apt 2 was designed by appending 

additional random ly generated primer binding sequences at the 5’ and 3 ’ ends (Chapter 

3). SELEX Apt is the 105 nucleotide original SELEX library sequence used in the 

SELEX selection o f  Apt 2, the sequence for which was provided in the literature. Finally, 

Lyso Apt was selected against chicken egg white lysozyme. In addition to the thrombin- 

and lysozyme-binding sequences, a 50-mer oligonucleotide probe originally conceived 

for hybridization with a verotoxin (VT 1) PCR amplicon (Blais & M artinez-Perez, 2011) 

was also chosen to serve as a negative control for aptamer binding. All oligonucleotides 

were synthesized by Sigma Genosys (Oakville, ON, Canada).

2.2.2 Sample matrices

Sample matrices used to study detection o f target analyte thrombin included pasteurized 

1%  milk and beef broth (ingredients: beef broth [water, beef stock], yeast extract, salt,
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Table 2.1 Oligonucleotide sequences used for immobilization on polyester cloth

Aptamer Sequence(5 ’ -  3 ’) Length
(bp)

Source

Apt 1 GGTTGGTGTGGTTGG 15 Bock et al., 
1992

Apt 2 AGTCCGTGGTAGGGCAGGTTGGGGTGACT 29 Tasset et 
al., 1997

Mod Apt 
2

GCTCCTACAAATGCCATCATTAGTCCGTG
GTAGGGCAGGTTGGGGTGACTGCTGCAG
CGAGCTTACG

67 This study

SELEX
Apt

AGATGCCTGTCGAGCATGCTCTTTGGAGA 
C AGTCCGT GGT AGGGC AGGTTGGGGT GA 
CTTCGTGGA AGAAGCGAG ACGGT GTAGC 
TAAACTGCTTTGTCGACGGG

105 Tasset et 
al., 1997

Lyso
Apt

ATCTACGAATTCATCAGGGCTAAAGAGTGC
AGAGTTACTTAG

42 Wang et al., 
2009

VT 1 ACTGGATGATCTCAGTGGGCGTTCTTATG
TAATGACTGCTGAA

50 Blais & 
Martinez- 
Perez, 2011
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flavour, salted onion juice, caramel, disodium inosinate, disodium guanylate) purchased 

from a local grocer, and the microbial growth medium brain heart infusion (BHI) broth 

(ingredients per litre: 12.5 g brain infusion solids, 5.00 g beef heart infusion solids, 10.0 g 

proteose peptone, 2.00 g glucose, 5.00 g sodium chloride, and 2.50 g disodium 

phosphate) (Oxoid C M 1135, Ottawa, ON).

2.2.3 Development o f  sandwich aptablot assays

2.2.3.1 Preparation o f aptamer-coated cloth by spotting

Polyester cloth (DuPont Sontara 8100; DuPont, M ississauga, ON) cut into 2 X 5 cm 

strips and bearing a printed sample location grid with 5 cells were prepared by contract 

with Dave's Custom Promotions, Inc. (Ottawa, Ontario, Canada), and washed with 95% 

(v/v) ethanol followed by rinsing with deionized distilled water on a filter with vacuum 

suction. The strips were air dried overnight prior to use for aptamer immobilization.

DNA throm bin aptamers and VT 1 (Table 2.1) were prepared in high salt buffer 

(HSB: 0.1 M Tris-HCl (pH 8.0), 0.01 M MgCL, and 0.15 M NaCl) containing 30% (v/v) 

ethanol. A concentration o f  10 pM for each oligonucleotide, previously shown to be 

satisfactory for the immobilization o f capture probes in PCR applications (Blais & 

M artinez-Perez, 2011), was used in these experiments. Aptamer solution was applied in 

discrete spots (5 pi) on the polyester cloth strips, followed by incubation for 3 h at 37°C 

in a dry incubator. The aptamers were cross-linked to the dried strips by exposing the 

strips to ultraviolet (UV) light using a UV cross-linker set at 254 nm, 120 mJ cm '2 

(Stratalinker model 1800; Stratagene, La Jolla, CA), and then washed five times with 

0.01 M phosphate-buffered saline, (pH 7.4), 0.85% (w/v) NaCl (PBS) containing 0.05%
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Tween 20 (PBST) on a filter under vacuum suction. The strips were blocked by 

incubation for 1 h at 37°C with 0.5% (w/v) Bio-Rad protein blocking reagent (Bio-Rad 

170-6404, Hercules, CA) in PBST, followed by washing with PBST.

2.2.3.2 Preparation o f aptamer-coated cloth by saturation

Aptamer was prepared in HSB containing 30% (v/v) ethanol. Polyester cloth strips were 

saturated with 1 ml o f 1 pM aptamer solution and incubated for 3 h at 37°C in a dry 

incubator. The aptam er was cross linked to the dried strips by UV exposure as described 

above, then washed with PBST, and blocked.

2.2.3.3 Thrombin sandwich assay on aptamer-coated cloth

The following reactions were carried out at room tem perature in the dark. Cloth strips 

coated by spotting aptam er in discrete areas were reacted with thrombin by saturating 

with 1 ml o f  PBS containing 13.5 nM o f human a-throm bin (Haematological 

Technologies Inc, HCT-0020, Essex Junction, VT) and incubated for 20 min. Strips 

coated by saturation o f the entire surface with aptamer were reacted with thrombin 

samples by discretely spotting 5 pi o f thrombin at various concentrations in different 

sample matrices (PBS, 1% milk, BH1 broth, and beef broth), then incubated for 20 min. 

Strips were then washed five times with PBST on a filter with vacuum suction. Bound 

thrombin was assayed by sequential 20 min reactions o f  the strips with 1 ml containing 

anti-human throm bin antibody (Haematological Technologies Inc., AHT-5020, Essex 

Junction, VT) diluted 1:1000 in PBST, and 1 ml o f  anti-mouse IgG-peroxidase conjugate 

(Sigma-Aldrich, A3673, Oakville, ON) diluted 1:1000 in PBST, with PBST washes after 

each step. Finally, the strips were saturated with 1 ml o f TMB membrane peroxidase
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substrate (Kirkegaard & Perry Laboratory, 50-77-02, Gaithersburg, M D) and incubated 

for 10 min. Reactions were graded qualitatively as follows: positive (blue spot), negative 

(no spot).

2.2.3.4 Lysozyme sandwich assay on aptamer-coated cloth

The detection o f lysozyme was used as an alternative model system to demonstrate the 

applicability o f  the aptablot system. Lyso Apt (Table 2.1) was prepared in HSB in a 

similar fashion as the aptamers described above. Polyester cloth strips were saturated 

with 1 ml o f aptamer solution and incubated for 3 h at 37°C in a dry incubator. The 

aptamer was cross-linked to the dried strips by UV exposure, then washed with PBST, 

and blocked as described above. The following reactions were carried out at room 

temperature in the dark. Strips were reacted with lysozyme from chicken egg whites 

(Sigma-Aldrich, L3790, Oakville, ON) by discretely spotting 5 pi o f  lysozyme at various 

concentrations in PBS and incubated for 20 min. Strips were washed with PBST and 

bound lysozyme was assayed by saturating strips with 1 ml o f  anti-lysozyme antibody 

peroxidase conjugate (Rockland Immunochemicals, Inc., 200-4372, Gilbertsville, PA) 

diluted 1:1000 in PBST and incubated for 20 min. Finally, the strips were saturated with 

1 ml o f TM B membrane peroxidase substrate and incubated 10 min. Reactions were 

graded qualitatively as follows: positive (blue spot), negative (no spot).

2.2.4 Development o f  competitive aptablot assays

2.2.4.1 Thrombin protein conjugation to horseradish peroxidase

Human a-throm bin protein was conjugated to horseradish peroxidase using an EZ-Link® 

Plus Activated Peroxidase (Fisher Scientific Ltd., 31487, Ottawa, ON). Thrombin was
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diluted 0.5 mg in 0.5 ml o f  0.06 M carbonate buffer, pH 9.6 and loaded into a Slide-A-

Lyzer® dialysis cassette (Fisher Scientific Ltd., 66003, Ottawa, ON). Dialysis was run

overnight at 4°C in 0.06 M carbonate buffer (pH 9.6). The peroxidase was rehydrated in 

10 mM sodium carbonate buffer (pH 9.5) to a final concentration o f  69.9 pM. The 

following reactions were carried out at room temperature in the dark. After dialysis o f 

thrombin, 0.5 ml o f the thrombin protein was mixed gently with 0.5 ml o f  the rehydrated 

peroxidase for 3 h and then 1 mg o f sodium borohydride (Sigma-Aldrich, 452882, 

Oakville, ON) was added and incubated for 15 min. Finally, 20 pi o f  3 M ethanolamine, 

pH 10.5 was added and incubated for 15 min. The throm bin-peroxidase conjugate was 

dialyzed using a dialysis cassette and PBS overnight at 4 * C.

2.2.4.2 Thrombin displacement assay on aptamer-coated cloth

Polyester cloth strips were coated with aptamer at various concentrations by spotting, 

followed by UV cross-linking, blocking, and washing, as described above. The following 

reactions were carried out at room temperature in the dark. Strips were reacted with 

thrombin-peroxidase conjugate by saturating the cloth with throm bin-peroxidase diluted 

1:1000 in PBST and incubated 20 min. Following washing, the strips were saturated with 

1 ml o f throm bin protein diluted 27.2 nM in PBST and incubated for 40 min. Finally, the 

strips were saturated with 1 ml o f TMB membrane peroxidase substrate and incubated 10 

min. Reactions were graded qualitatively as follows: positive (no spot), negative (blue 

spot).
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2.2.4.3 Thrombin inhibition assay on aptamer-coated cloth

Polyester cloth strips were coated with aptamer at various concentrations by spotting, 

followed by UV cross-linking, blocking, and washing, as described above. The following 

reactions were carried out at room temperature in the dark. Strips were saturated with a 

solution containing thrombin-peroxidase conjugate diluted 1:1000 and free thrombin 

diluted 27.2 nM  in PBST and incubated 40 min. Following washing, the strips were 

saturated with 1 ml o f TMB membrane peroxidase substrate and incubated 10 min. 

Reactions were graded qualitatively as follows: positive (no spot), negative (blue spot).

2.3 Results

2.3.1 Immobilization o f anti-thrombin oligonucleotides in a sandwich assay format

Initial experiments examined the immobilization and subsequent throm bin-capturing 

abilities o f  different aptamer sequences reported in the literature. For this purpose, 

oligonucleotides ranging in size from 15 to 105 nucleotides and ranging in sequence were 

immobilized in discrete spots on a strip o f  polyester cloth and then assessed for binding 

activity by flooding the entire strip with thrombin solution, followed by detecting bound 

thrombin by sequential reactions o f  the strip with anti-thrombin monoclonal antibody, 

anti-mouse IgG-peroxidase conjugate, and TMB substrate. In addition to the thrombin- 

binding sequences, a VT 1 probe was also immobilized on the cloth strip to serve as a 

negative control for thrombin binding.

Shorter aptam er sequences o f  15 and 29 nucleotides in length did not produce any 

visible reaction with thrombin, whereas the longer 67 and 105 nucleotide aptamers cross- 

linked to the polyester cloth by UV light exhibited significant thrombin-binding activity
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manifested as localized immunoenzymatic reactivity on the strip where these aptamers 

had been spotted (Figure 2.1). No reactivity was observed with the verotoxin probe spot. 

Neither was throm bin-binding activity observed for any o f the aptamers in the absence o f 

UV exposure.

The preceding experiment involved the immobilization o f  aptamers at a 

concentration o f  10 pM . However, for future applications the optimum concentration for 

coating the polyester cloth was determined by spotting different amounts o f the SELEX 

Apt and then assaying using the immunoenzymatic procedure as before. A minimum o f 

0.25 pM aptamer solution spotted on the strip produced a detectable assay signal, though 

the least concentration to give strong signal intensity was 1 pM (Figure 2.2), which was 

therefore used in subsequent experiments.

As observed in Figure 2.1, longer oligonucleotides were successfully immobilized 

on the cloth surface whereas shorter oligonucleotides were not. Since longer 

oligonucleotides contain primer-binding sequences at their 5 ’ and 3 ’ ends, which are not 

involved in aptam er binding but may provide an immobilization link with the polyester 

surface, it was hypothesized that a poly-nucleotide tail at the end o f an aptamer may act 

to link the aptam er to the cloth. Thus an investigation into the possibility o f  enhancing the 

immobilization o f  shorter aptamers was made. The 29 nucleotide Apt 2 was modified by 

synthesizing versions o f Apt 2 bearing the following short (n=5) 5'-poly-nucleotide tails, 

poly-A, poly-C, poly-G or poly-T, followed by immobilization on strips o f polyester 

cloth by UV cross-linking as before. The ability o f the immobilized aptamer to capture 

thrombin was determined by reacting the strips with throm bin solution, followed by 

immunoenzymatic assay o f the bound thrombin as previously described. The addition o f
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Figure 2.1 Effect o f oligonucleotide sequence on immobilization o f aptamers to 

polyester cloth. Different oligonucleotides (1, Apt 1; 2, Apt 2; 3, Mod Apt 2; 4, SELEX 

Apt; 5, VT 1) were spotted on polyester cloth. The strips were either UV cross-linked (a) 

or not (b) and then saturated with thrombin solution followed by immunoenzymatic assay 

o f bound throm bin as described in Methods. These experiments were repeated in a 

separate trial with identical results (not shown).
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Figure 2.2 Effect o f aptamer coating concentration. SELEX Apt was spotted on 

polyester cloth at different concentrations (1, 2.00 pM; 2, 1.00 pM; 3, 0.50 pM; 4, 0.25 

pM; 5, 0.12 pM). A fter UV cross-linking the strips were saturated with throm bin solution 

followed by immunoenzymatic assay o f bound thrombin as described in Methods. These 

experiments were repeated in a separate trial with identical results (not shown).
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a poly-G tail produced a weak assay signal, but a more striking result was obtained with a 

poly-T tail, which produced a signal intensity equivalent to that observed with the full 

length SELEX Apt (Figure 2.3).

Upon the successful immobilization o f 5’- (n=5) poly-T tailed Apt 2, further 

studies were performed to optimized tail length and to determine if a 3 ’-poly-T tail has 

similar effects. Thus Apt 2 was synthesized with 5’- and 3 ’- (n=5, —10, and =15) poly-T 

tails, spotted on the cloth at various concentrations, reacted with thrombin, and detected 

imm unoenzym atically as described above. The longer length 5 ’-poly-T tail (n=15) 

seemed to have the best signal intensity than the (n=5) or (n=10) poly-T tail when 

aptam er was spotted at the lowest concentration o f  0.1 pM  (Figure 2.4). The addition o f a 

3 ’-poly-T tail gave similar results as the 5 ’-poly-T tail (not shown).

2.3.2 Detection o f thrombin in different sample matrices

The preceding experiments utilized aptamer applied in localized spots on a strip o f 

polyester cloth. The aptamer-thrombin interaction occurred in a defined buffer devoid o f 

extraneous materials which might produce interference with the binding reaction. Thus, 

the ability o f  the immobilized aptamer to detect throm bin analyte from among a variety 

o f  ingredients was also tested. Strips o f polyester cloth were entirely coated by saturation 

with SELEX Apt solution. These were then used for the capture o f  thrombin from 

samples spotted in the cells o f the printed grid. To determine the impact o f the sample 

matrix, throm bin was diluted in different types o f  liquid samples containing complex 

m ixtures o f ingredients, PBS, 1% milk, BHI broth, and beef broth. The minimum 

quantity o f  throm bin producing a visible assay signal was 1.35 nM in PBS, 0.27 nM, with
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Figure 2.3 Effect o f  the addition o f 5'-poly-nucleotide tails on the immobilization o f a 

shorter length aptamer. Apt 2 was synthesized with different polynucleotide (n=5) tails at 

the 5' end (1, untailed Apt 2; 2, 5'-poly-A-tailed; 3, 5'-poly-C-tailed; 4, 5'-poly-G-tailed; 

5, 5'-poly-T-tailed) and each was spotted on polyester cloth then UV cross-linked. The 

strips were saturated with thrombin solution followed by immunoenzymatic assay o f 

bound thrombin as described in Methods. These experiments were repeated in a separate 

trial with identical results (not shown).
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Figure 2.4 Effect o f  the addition o f varying length 5 ’-poly-T tails on the 

immobilization o f a shorter length aptamer. Apt 2 was synthesized with a poly-T tail at 

the 5 ’ end at various lengths (a, n=5; b, n—10; c, n=15). Untailed, tailed, and the SELEX 

aptamer were spotted at various concentrations (1, 1.00 pM  untailed Apt 2; 2, 1.00 pM 

tailed Apt 2; 3, 0.50 pM  tailed Apt 2; 4, 0.10 pM  tailed Apt 2; 5, 1.00 pM  SELEX Apt) 

and cross-linked. The strips were saturated with throm bin solution followed by 

immunoenzymatic assay o f  bound thrombin as described in Methods. These experiments 

were repeated in a separate trial with identical results (not shown).



59

weak spot intensity, in 1% milk and BHI broth, and 0.27 nM, with stronger spot 

intensity, in beef broth, which corresponds to 6.75 x 10'3 pmol of throm bin in PBS and 

1.36 x 10’3 pmol o f  throm bin in the 1% milk, BHI broth, and beef broth (Figure 2.5).

2.3.3 Detection o f  lysozyme via immobilization o f anti-lysozyme aptamer

To demonstrate the applicability o f  the aptablot system in the detection o f other analytes, 

a lysozyme aptam er to chicken egg white lysozyme protein was chosen for 

immobilization on polyester cloth in a similar fashion as the thrombin aptamer. Polyester 

cloth strips were prepared as described above by saturation with Lyso Apt or just buffer, 

followed by a blocking step. Finally, lysozyme was added and binding activity was 

detected by sequential reactions o f the strip with anti-lysozyme antibody-peroxidase 

conjugate and TM B substrate. However, the results showed no binding signal for the 

reaction o f  lysozyme with Lyso A pt (not shown). Following the successful 

immobilization results observed for the 5’-poly-T tailed aptamer versions o f the thrombin 

system, a (n=5) 5’-poly-T tailed Lyso Apt was synthesized and tested like untailed Lyso 

Apt, as described above. Results for the binding o f  lysozyme to the 5 ’-poly-T tailed Lyso 

Apt showed a significant signal at the highest concentration o f  lysozyme spotted. Weaker 

signal intensity o f  lysozyme binding on cloth in the absence o f aptamer was observed 

when compared to that o f aptamer-coated cloth (Figure 2.6).

2.3.4 Detection o f thrombin on aptamer-coated cloth in a competitive assay format

Following the detailed study and optimization o f the aptamer-thrombin interaction on 

polyester cloth in a sandwich assay format, the possibility o f a thrombin displacement



60

a

b

c

d

Figure 2.5 Effect o f  sample matrix on the detection o f thrombin by aptamer-coated 

polyester cloth. Thrombin was prepared at different concentrations (1, 13.5 nM; 2, 2.70 

nM; 3, 1.35 nM; 4, 0.27 nM; 5, 0 nM) in a variety o f matrices (a, PBS; b, 1% milk; c, 

BHI broth; d, beef broth) and then spotted on polyetster cloth strips with (A) and without 

(B) immobilized SELEX Apt, followed by immunoenzymatic assay o f  bound thrombin as 

described in M ethods. These experiments were repeated in a separate trial with identical 

results (not shown).
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Figure 2.6 Detection o f  chicken egg white lysozyme protein by aptamer-coated 

polyester cloth. Cloth strips were either saturated with (a) or without (b) 1.00 uM 5’-poly- 

T-tailed Lyso Apt. Following UV cross-linking, the strips were spotted with chicken egg 

white lysozyme protein (1, 3.50 pM ; 2, 0.70 pM; 3, 0.35 pM ; 4, 0.07 pM; 5, 0 pM) 

followed by immunoenzymatic assay o f bound lysozyme as described in Methods. These 

experiments were repeated in a separate trial with identical results (not shown).
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assay was explored. To demonstrate this concept using aptamer-coated polyester cloth, 

strips were coated by spotting with SELEX Apt (Table 2.1) solution and used to capture 

thrombin-peroxidase conjugate. Once it was confirmed that throm bin-peroxidase is able 

to bind to the aptam er immobilized on the cloth and produce a strong positive signal (not 

shown), strips were prepared with aptam er and reacted with throm bin-peroxidase. Next, 

strips were saturated with free thrombin solution. Furthermore, to demonstrate an 

inhibition assay, aptam er-coated cloth was prepared and then saturated with one solution 

containing both throm bin-peroxidase conjugate and free thrombin. Results for the 

displacement and competitive inhibition assay show similar, weak intensity signals when 

compared to a cloth strip with only throm bin-peroxidase bound to the immobilized 

aptamer in the absence o f  competing free thrombin, which displayed strong signal 

intensity (Figure 2.7).

2.4 Discussion

The present experiments demonstrated the applicability o f a simple aptablot system using 

a DNA aptam er as an inexpensive synthetic capture agent for the sensitive assay o f  a 

protein analyte in complex samples. A unique feature o f  the aptablot system is the simple 

means by which the aptam er was immobilized on the polyester cloth surface by brief 

exposure to UV light.

Based on the previously observed immobilization o f  oligo-DNA probes on 

polyester cloth by brief exposure to UV light for use in the detection o f  PCR products by 

hybridization (Blais & M artinez-Perez, 2011), it was hypothesized that DNA aptamers 

could also be immobilized on polyester cloth to allow for the detection o f  analytes. Initial
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Figure 2.7 Comparison o f thrombin displacem ent and competitive inhibition 

aptablots. SELEX Apt spotted at various concentrations (1, 2.00 pM; 2, 1.00 pM; 3, 0.50 

pM; 4, 0.25 pM; 5, 0.12 pM ) on polyester cloth, followed by binding o f thrombin- 

peroxidase conjugate diluted 1:1000 (a). Thrombin-peroxidase conjugate bound to 

aptamer-spotted polyester cloth displaced with 27.2 nM o f free thrombin solution (b). 

Aptamer-spotted cloth was reacted with a solution containing both 1:1000 diluted 

throm bin-peroxidase conjugate and 27.2 nM free throm bin protein (c). These experiments 

were repeated in a separate trial with identical results (not shown).
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experiments demonstrated longer length aptamers showed throm bin-binding activity 

following cross-linking to the polyester cloth by UV light (Figure 2.1). The lack o f 

reactivity observed in the absence o f  UV light exposure suggested that cross-linking the 

aptamers to the polyester surface is essential for stable immobilization o f aptamers. 

Furthermore, the lack o f  reactivity for the 50-mer oligonucleotide control probe originally 

conceived for hybridization with a verotoxin (VT 1) PCR amplicon (Blais & Martinez - 

Perez, 2011) confirmed that the reactions observed with the aptamers were due to their 

specific throm bin-binding activities (Figure 2.1).

Contrary to the immobilization ability o f the longer length aptamers, the shorter 

length aptam er sequences did not product a visible reaction with throm bin (Figure 2.1). 

The lack o f reactivity o f  the shorter aptamers may be due to an inability o f  small DNA 

molecules to bind to the polyester surface or to a perturbation in their thrombin-binding 

conform ation caused by the cross linking reaction. The longer oligonucleotides contained 

prim er-binding sequences at their 5 ’ and 3 ’ ends which are not directly involved in 

aptam er function but may serve to provide an immobilization link with the polyester 

surface sparing the conformational integrity o f the aptamer portion.

After investigating the enhancement o f  immobilization o f the shorter length 

aptamers by the addition o f  5’-poly-nucleotide tails, it was observed that although the 5’- 

poly-G tail produced a weak signal, the 5 ’-poly-T tail increased the signal intensity o f  the 

shorter length Apt 2 to match that o f the longer length SELEX Apt (Figure 2.3). 

Furthermore, the optimum length observed to provide effective immobilization at lower 

aptam er concentrations is a (n=15) poly-T tail (Figure 2.4). Similar results were observed 

for the addition o f a 3’-poly-T tail (not shown). These results suggest that poly-T tailing
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was particularly effective in enhancing the immobilization o f  the short aptamer in the 

correct form for analyte capture, thus allowing some flexibility in the choice o f aptamer 

length. The mechanism for enhanced immobilization o f  the short aptamer by poly-T- 

tailing may involve the activation o f thymine reactivity by UV irradiation, which is 

known to occur when genomic DNA is damaged by UV radiation in living cells (Pfeifer,

1997) or activation o f double bonds or other active groups on the polyester (polyethylene 

terephthalate) surface. W hatever mechanism is involved in the immobilization of the 

DNA aptamers, these results clearly indicate that a suitable capture surface can be 

prepared using either a longer sequence, such as the SELEX Apt, or a 5'- or 3 ’-poly-T- 

tailed aptamer sequence like poly-T-Apt 2. However, the addition o f  too many thymine 

nucleotides onto the tail o f  an aptamer may induce the formation o f  other secondary 

structures, thus interrupting normal aptamer folding and target binding. Therefore, for 

each new aptam er onto which a poly-T tail is appended, length optimization is 

recommended.

One foreseeable application o f the “sandwich” aptablot system is the detection o f 

a target analyte in different sample types, such as allergens or pathogenic bacteria in 

various foods submitted for laboratory analysis. In such a scenario, it would be essential 

that the aptam er-target interaction be capable o f  proceeding in various sample matrix 

compositions, as might be encountered in food sample suspensions or enrichment broth 

cultures. Furthermore, the ideal assay format would utilize a cloth strip in which the 

entire surface is coated with the capturing agent, such that the strip could accommodate 

multiple test samples. To demonstrate how such a principle m ight work and to 

demonstrate the impact o f the sample matrix on the detection o f  thrombin, strips o f
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polyester cloth were saturated with SELEX Apt solution and were used for the detection 

o f  thrombin diluted in various sample matrices (Figure 2.5). Stronger signal intensity was 

observed in the cases where thrombin was diluted in the complex matrices, 1% milk, BHI 

broth, and beef broth, with thrombin detectability at 1.36 x 10'3 pmol, when compared to 

thrombin diluted in PBS buffer, where the thrombin detectability was 6.75 x 10'3 pmol. 

The reason for the slight improvement in thrombin detectability in the complex sample 

matrices is not known. The possibility that this might be attributable to the presence o f 

elevated levels o f  salts which may affect the formation o f  active aptamer structures 

(Hamaguchi et al., 2001) was verified by repeating the assay o f  thrombin diluted in PBS 

containing 10 mM M gC h and 10 mM CaC h, but the detectability in these buffers 

remained unchanged from that observed with PBS alone (not shown).

To verify the strong signal intensity observed in the binding o f  thrombin to its 

aptamers is not a phenomenon exclusive to the thrombin model, the sandwich aptablot 

method was applied to another model system. The detection o f chicken egg white 

lysozyme by lysozyme aptamer-coated cloth was observed (Figure 2.6). Although some 

weak signal o f  lysozyme was evident in the absence o f  5 ’ poly-T-tailed Lyso Apt 

immobilized on the cloth, despite the inclusion o f a blocking step, stronger signal was 

observed for lysozyme on aptamer-coated cloth. This difference in binding signal o f 

lysozyme on aptamer-coated cloth versus the absence o f aptamer immobilized on cloth 

can be attributed to the binding o f lysozyme to its specific aptamer. Furthermore, the 

initial lysozyme sandwich aptablot performed with the untailed Lyso Apt gave no binding 

signal (not shown). So the results o f  the poly-T tailed Lyso Apt provide further 

confirmation o f  the previous conclusion o f the benefits o f poly-T tailing on
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immobilization. However, due to time constraints the length and orientation o f the poly-T 

tails were not optimized. Thus further work is needed to optimize the poly-T tailing 

conditions o f  the Lyso Apt.

Although the “sandwich” aptablot system is a promising application for the 

testing o f  many target analytes examined in microbiological analytical laboratories, it 

may not be appropriate for the analysis o f all types o f potential targets. Analytes with 

lower m olecular weights, such as mycotoxins, may not be large enough to accommodate 

multiple epitope biding sites; thus not allowing for the binding o f  a capture aptamer and a 

detection antibody, as observed in the sandwich assay format. Therefore, the use o f the 

proposed displacement or competitive inhibition assays may be ideal for the detection of 

single epitope binding target analytes. In the first situation, aptamer-spotted cloth could 

already have labelled antigen bound and, with the addition o f unlabelled antigen in the 

sample, the labelled antigen would be displaced from the aptamer, indicating the presence 

o f target antigen in the sample. Alternatively, the labelled antigen and unlabelled antigen 

from the sample would be applied to aptamer-spotted cloth and would compete for 

binding with the aptamer. The lack o f reactivity would indicate the presence o f  antigen in 

the sample. To demonstrate this concept using the thrombin model, a solution containing 

thrombin conjugated to peroxidase and unlabelled thrombin was added to cloth spotted 

with SELEX Apt solution. Furthermore, this was compared with the signals generated 

from the displacem ent o f  thrombin conjugate bound to aptam er-spotted cloth with the 

addition o f free throm bin solution (Figure 2.7). The signal intensities o f both assays were 

similar to one another and were much weaker when compared to the strong signal 

intensity resulting from thrombin-peroxidase conjugate bound to aptamer-spotted cloth.
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The difference in the signal intensities between the displacem ent and competitive 

inhibition assays compared to the thrombin-peroxidase conjugate bound to the aptamer 

indicated that the free throm bin protein was binding to the aptam er by either successfully 

displacing or successfully inhibiting the binding o f the throm bin-peroxidase conjugate. 

However, when com paring the signal intensity o f the displacem ent and competitive 

inhibition aptablots, there did not seem to be a significant difference in the signal 

intensity. This may be explained through the reversible binding equilibrium between 

thrombin and the throm bin aptamer. Although the results are promising for the detection 

o f single epitope analytes, one limitation is that even under conditions o f  strong 

inhibition, there remains a weak signal spot on the strip. W hereas the results o f the 

“sandwich” aptablot are more conclusive, where the presence o f a spot gives a clear 

indication o f analyte contamination, the presence o f  a spot on a displacement or 

competitive inhibition aptablot does not give a clear indication o f analyte contamination. 

Thus, results are subjective and analysts must exercise judgem ent in comparing the 

intensity o f  spots.

W hile the present approach does not eliminate the use o f an antibody detector 

reagent, it does promote conservation o f precious antibody stocks due to their application 

in a highly diluted form. It also enables the use o f  monoclonal detector antibodies in 

instances where the corresponding epitope on the target molecule is only present in one 

copy, which is likely the case in the detection o f a m onomeric protein such as thrombin. 

Furthermore, antibodies to many diagnostically relevant molecules are available from 

commercial sources and it may be reasonably expected that the num ber o f  aptamer 

sequences to different analytes published in the scientific literature will grow at a great
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rate as this new reagent technology continues to evolve, expanding the scope of 

applications amenable to the aptablot approach. The de novo development o f reagent 

aptamers to other analytes o f interest using established protocols is not beyond the 

capabilities o f  m ost basic biochemistry laboratories, and future applications in which 

even the detector antibody used in the present approach may be replaced with a second 

aptamer bearing an enzyme or other readily assayable marker. More work is needed to 

expand the scope o f  application o f  the aptablot approach from the present thrombin 

model system to the assay o f  diagnostically relevant analytes, such as microbial toxins, 

protein allergens and environmental contaminants. However, the success o f the proposed 

aptablot system is highly dependent on the identification o f a suitable aptamer. Whereas 

the results o f  the throm bin aptablot demonstrated excellent binding signals, the results o f 

the lysozyme aptablot were slightly more ambiguous. Therefore, the aptablot system may 

not be applicable to all scenarios, since some aptamers may become unreactive upon 

immobilization.
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CHAPTER 3

Development o f  a nucleic acid sequence-based amplification (NASBA) 

system for detection o f  aptamer bound to target analyte
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A bstrac t

The developm ent o f  an ultrasensitive method for the detection o f specific foodbome 

contaminants was examined. The proposed novel assay, term ed the Amplified Aptamer 

Assay (A3), combines the use o f a DNA aptamer as a target-specific binding reagent with 

a nucleic acid am plification technique for the ultrasensitive generation o f  the assay signal. 

A thrombin model system was chosen to demonstrate the proposed assay due to the 

availability o f  throm bin aptamer sequences. A specific throm bin aptamer was used as a 

binding reagent for the detection o f captured thrombin on a solid phase, such as the wells 

o f a m icrotiter plate. The aptamer was then amplified by Nucleic Acid Based Sequence 

Amplification (NASBA) to generate a signal that was detectable via agarose gel 

electrophoresis. Three thrombin aptamer sequences were assessed for their ability to bind 

to thrombin protein and subsequently be amplified by NASBA. A 105 nucleotide aptamer 

was determined to successfully meet these criteria.

3.1 Introduction

Research in the realm  o f  food diagnostics emphasizes the developm ent o f  simple and 

rapid assays for the detection o f trace amounts o f  foodbom e pathogenic and toxic 

contaminants in food samples. Current technologies for the detection o f  analytes, such as 

enzyme immunoassays targeting antigenic constituents o f pathogens or toxins, use an 

enzyme linked to a reagent antibody to generate an assay signal. However, the enzymes 

linked to reagent antibodies, used for the assay’s signal generation, have a limited 

capacity to generate a signal through conversion o f  substrate molecules to a detectable 

product, such as a chromogenic or fluorogenic compound. Nucleic acid amplification
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techniques have greater sensitivity and specificity over immunoassays. The Nucleic Acid 

Based Sequence Amplification (NASBA) (Figure 1.4) method is particularly attractive 

due to its isothermal reaction, great exponential amplification, and shorter reaction time. 

Many NASBA reactions have been optimized for the detection o f pathogenic 

Campylobacter jejuni (Uyttendaele et al., 1997) and Listeria monocytogenes (Blais et al., 

1996). Although these techniques are effective in providing information on the presence 

o f bacteria in the sample, they lack the ability to provide information on the presence o f 

toxins or expressed virulence in samples.

Nucleic acid amplification techniques can be used for signal generation in 

immunogenic-based assays and can significantly increase the detection sensitivity o f the 

traditional immunoassay, as observed in the immuno-PCR method (Sano et al., 1992). In 

this situation, detection antibodies are conjugated with an amplifiable DNA fragment that 

can be efficiently am plified by PCR; the resulting amplified product giving an indication 

o f the presence o f an antigen. Although the incorporation o f nucleic acid amplification 

into an immunoassay makes detection much more sensitive than enzyme immunoassays 

(Kakizaki et al., 1996; Wu et al., 2001; Liang et al., 2003), several limitations have 

prevented the widespread use o f  immuno-PCR over traditional ELISAs. For instance, the 

technique’s reliance on conventional thermocyclers for amplification, subsequent product 

analysis by agarose gel electrophoresis, non-specific binding o f DNA to the solid phase, 

and complex chemistries required to link the DNA fragment to the antibody (Adler et al.,

2008).

The recently emerged field o f RNA or DNA aptamers has provided an alternative 

to affinity binding reagents in many applications in diagnostic testing by providing target
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analyte binding capabilities. The unique and stable structures formed by aptamers in the 

presence o f a wide variety o f  targets exhibit great potential for use in place o f  traditional 

antibody reagents (Jayasena, 1999). Several aptamers have been developed against 

microbial targets such as outer membrane protein on Salmonella enterica (Joshi et al.,

2009), surface proteins o f Campylobacter jejuni (Bruno et al., 2009), and Staphylococcus 

aureus enterotoxin B (DeGrasse, 2012) to name a few. The application o f aptamers has 

been seen in a variety o f assays. For instance, biosensor technology utilizes aptamers 

immobilized on a solid surface to serve as specific molecular recognition elements to a 

target analyte and produce a signal, which is converted to a  measurable signal by a 

transducer that can then be analyzed. However, this technique requires specialized 

devices that are not practical for the high throughput analysis o f  food samples in 

analytical microbiological laboratories.

This project proposes a novel assay signal generation principle, termed the 

Amplified Aptam er Assay (A3), developed for the ultrasensitive detection o f microbial 

analytes. The proposed A3 method merges aptamer technology with ultrasensitive nucleic 

acid amplification. In this approach, specific DNA aptamers were utilized as affinity 

binding agents for the detection o f an analyte captured on a solid surface, such as a 

microtiter plate, with subsequent detection o f the bound aptamer by NASBA. The basis 

o f the A 3 assay is the hypothesis that single stranded DNA aptamers can be amplified 

exponentially like any other polynucleotide sequence by NASBA, PCR, or any other 

suitable nucleic acid amplification technique, provided they are long enough to enable 

annealing with primers. So based on this amplification hypothesis and the use o f 

aptamers for the specific detection o f  a wide range o f target analytes, such as bacterial or



74

viral pathogens, and toxins, exponential amplification o f  the bound aptam er will allow 

ultrasensitive signal generation based on the specific binding o f  the aptam er to the target. 

As with the detection o f amplicons resulting from nucleic acid amplification techniques, 

the signal generated in this assay can be detected via visualization by agarose gel 

electrophoresis or fluorescence signal resulting from the specific binding o f fluorescently 

labeled probes to the amplicons. For the demonstration o f  the A 3 system, amplicon 

detection was performed by agarose gel electrophoresis. Again, the same thrombin model 

system was used for the demonstration o f  the detection o f thrombin via the A 3 assay, 

since DNA aptamers for this protein are available (Bock et al., 1992; Tasset et al., 1997) 

and were successful in the development o f the aptablot system.

3.2 M aterials and M ethods

3.2.1 Aptamers and NASBA primers

Aptamers used in this study were selected against the human coagulation protein 

throm bin (Table 3.1). M odified (Mod) Apt 1 and M odified (Mod) A pt 2 were designed 

for this study by modifying Apt 1 and Apt 2 from Chapter 2, respectively, to incorporate 

additional randomly generated primer binding sequences appended at the 5’ and 3 ’ ends 

to allow for nucleic acid amplification. The same sequences were added to each aptamer. 

SELEX Apt is the full-length thrombin aptamer used in the SELEX selection o f Apt 2 

(Table 2.1), including the originally incorporated 5’ and 3’ end primer binding sequences 

used in the SELEX selection.
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T able  3.1 Thrombin aptamer oligonucleotide sequences used for the detection o f 

throm bin protein by amplification via NASBA

Aptamer Sequence (5 ’ -  3 ’)a Length
(bp)

Source

Mod Apt 
1

G C TC C TA C A A A TG C C A TC A TTG G TTG G T G
TG G T T G G G C T G C A G C G A G C T T A C G

53 This study

Mod Apt 
2

G C TC C TA C A A A TG C C A TC A TTA G TC C G TG
G TA G G G CA G G TTG G G G TG A CTG CTG CA G C
G A G C T T A C G

67 This study

SELEX
Apt

AGATGCCTGTCGAGCATGCTCTTTGGAGACA
GTCCGTGGTAGGGCAGGTTGGGGTGACTTCGT
GGAAGAAGCGAGACGGTGTAGCTAAACTGCT
TTG TC G A C G G G

105 Tasset et 
al., 1997

a Bold sequences indicate prim er binding sites
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NA SBA primers used in this study were designed to bind to the 5 ’ and 3 ’ primer 

binding sequences o f  the thrombin aptamers (Table 3.2). Forward primers (PI and P3) for 

the aptamers were modified to include a T7 RNA polymerase promoter binding sequence 

at the 5 ’ end (Baeum ner et al., 2001). All oligonucleotides and NASBA primers were 

synthesized by Sigma Genosys (Oakville, ON, Canada).

3.2.2 Sample matrices

Sample matrices used to study detection o f  target analyte thrombin included pasteurized 

1% m ilk and beef broth (ingredients: beef broth [water, beef stock], yeast extract, salt, 

flavour, salted onion juice, caramel, disodium inosinate, disodium guanylate) purchased 

from a local grocer, and the microbial growth medium brain heart infusion (BHI) broth 

(ingredients per litre: 12.5 g brain infusion solids, 5.0 g beef heart infusion solids, 10.0 g 

proteose peptone, 2.0 g glucose, 5.0 g sodium  chloride, and 2.5 g disodium phosphate) 

(Oxoid C M 1135, Ottawa, ON).

3.2.3 Amplification by NASBA and analysis o f amplicons

For the NA SBA reaction, 10 pi o f aptamer template at various concentrations was added 

to 40 pi o f  N A SBA reaction mixture in the wells o f  a microtiter plate [40 mM Tris-HCl 

(pH 8.5), 50 mM  KC1, 2mM each rNTP, 1 mM each dNTP, 12 mM M gCl2, 10 mM 

dithiothreitol, 0.2 pM  o f each primer, 5.2 pg BSA, 15% v/v DMSO, 80 U T7 RNA 

polymerase, 16 U AM V reverse transcriptase, 0.4 U RNase H, and 25 U RNasin]. The 

plate was sealed with tape and incubated at 41°C for 3 h. Amplified DNA was visualized 

by electrophoresing 4 pi o f NASBA product with 1 pi ethidium bromide loading dye 

(Lonza, 50463, W alkersville, MD) in a 2.2% (w/v) agarose FlashGel cassette (Lonza,



77

T able  3.2 Oligonucleotide prim er sequences used for the amplification o f  thrombin

aptamers by NASBA

Primer Sequence (5 ’ -  3 ’)a_______________________________________________________

Mod Apt 1 and Mod Apt 2 primers

PI CTAATACGACTCACTATAGGGCGTAAGCTCGCTGCAGC 

P2 GCTCCTACAAATGCCATCATT 

SELEX Apt primers

P3 CTAATACGACTCACTATAGGGCCCGTCGACAAAGCAGTTTAGCTAC 

P4 AGATGCCTGTCGAGCATGCT
a Underlined sequences indicate T7 RNA polymerase promoter recognition binding site



78

57031, W alkersville, MD) at 275 V for 6 min. DNA on the gels was visualized by 

fluorescence under UV light and photographed. The size o f the amplified fragments was 

determined by including 5 pi o f FlashGel DNA m arker (Lonza, 57033, Walkersville, 

MD) on each gel, with the following band sizes, 50, 100, 150, 200, 300, 500, 800, 1500 

bp.

3.2.4 Thrombin Amplified Aptamer Assay

Anti-human throm bin antibody (Haematological Technologies Inc., AHT-5020, Essex 

Junction, VT) was prepared in 0.01 M phosphate-buffered saline (pH 7.4), 0.85% (w/v) 

NaCl (PBS). A concentration o f  10 pg/ml o f the antibody was immobilized in the wells 

o f a microtiter plate (100 pi) by overnight incubation at 37°C. The wells were washed six 

times with 0.01 M phosphate-buffered saline (pH 7.4), 0.85%  (w/v) NaCl (PBS) 

containing 0.05%  Tween 20 (PBST) using an automated plate washer. Next, the wells 

were blocked by incubation for 1 h at 37°C with 0.5%  (w/v) Bio-Rad protein blocking 

reagent (Bio-Rad 170-6404, Hercules, CA) in PBST, followed by six washes with PBST. 

The subsequent reactions were performed at room temperature for 30 min followed by six 

washes with PBST. The wells were reacted with 100 pi o f PBS containing 2.72 nM 

human a-throm bin protein (Haematological Technologies Inc, HCT-0020, Essex 

Junction, VT) then with 100 pi o f aptamer sample at various concentrations in aptamer 

binding buffer (50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM MgCl2, 5 mM KC1). A 

NASBA reaction mixture was prepared as described above and 40 pi was added to each 

reaction well and topped up to 50 pi with ddH20 . The plate was sealed with tape and 

incubated for 3 h at 41°C. Amplicon was analyzed by the FlashGel system as described 

above.
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3.2.5 Detection o f thrombin in complex matrices

Antibody-coated wells were prepared as describe above. The wells were blocked by 

incubation for 1 h at 37°C with 0.5% (w/v) Bio-Rad protein blocking reagent in PBST, 

followed by six washes with PBST. The subsequent reactions were performed at room 

tem perature for 30 min followed by six washes with PBST. The wells were reacted with 

thrombin at various concentrations in different sample matrices (PBS, 1% milk, BHI 

broth, and beef broth), followed by subsequent reaction with 100 pi o f  the SELEX Apt 

solution prepared at 0.10 nM in aptamer binding buffer. A NASBA reaction mixture was 

prepared as described above and 40 pi was added to each reaction well and topped up to 

50 pi with ddE^C). The plate was sealed with tape and incubated for 3 h at 41°C. 

Amplicon was analyzed by the FlashGel system as described above.

3.3 Results

3.3.1 Amplification o f thrombin aptamers

As a prelude to developing the actual A 3 system, it was first necessary to verify the 

amplifiability o f different aptamers by NASBA. Mod Apt 1, Mod Apt 2, and the SELEX 

Apt were assessed by subjecting these serially diluted aptamers to a NASBA reaction 

with the use o f  prim er pair PI and P2 for Mod Apt 1 and M od Apt 2 and primer pair P3 

and P4 for the SELEX Apt (Table 3.1; Table 3.2). The amplicons were subsequently 

analyzed by agarose gel electrophoresis to determine if  amplification took place. The gel 

electrophoresis results revealed the production o f amplicons o f  the expected size range; 

an RNA product o f 53 bp for Mod Apt 1 (Figure 3.1), 67 bp for Mod Apt 2 (Figure 3.2), 

and 105 bp for the SELEX Apt (Figure 3.3). For both Mod Apt 1 and Mod Apt 2, a
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F igure  3.1 Amplification o f  Mod Apt 1 by NASBA followed by analysis o f products 

by agarose gel electrophoresis. M od Apt 1 was amplified by NASBA using the primer pair 

PI and P2 to generate amplicons at an expected size of 53 bp RNA. DNA aptamer template 

was applied at three different concentrations, in triplicate, followed by NASBA detection as 

described in Methods. Samples were run alongside a DNA marker (M). These experiments 

were repeated in a separate trial with identical results (not shown).



Figure  3.2 Am plification o f Mod Apt 2 by NASBA followed by analysis o f products 

by agarose gel electrophoresis. Mod Apt 2 was amplified by NASBA using the primer pair 

PI and P2 to generate amplicons at an expected size o f 67 bp RNA. DNA aptamer template 

was applied at three different concentrations, in triplicate, followed by NASBA detection as 

described in Methods. Samples were run alongside a DNA marker (M). These experiments 

were repeated in a separate trial with identical results (not shown).
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Figure 3.3 Amplification o f  SELEX Apt by NASBA followed by analysis o f  products 

by agarose gel electrophoresis. SELEX Apt was amplified by NASBA using the primer pair 

P3 and P4 to generate an expected 105 bp RNA product. A concentration gradient o f DNA 

aptamer template was applied in triplicate, followed by NASBA detection as described in 

Methods. Samples were run alongside a DNA marker (M). These experiments were repeated 

in a separate trial with identical results (not shown).
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visible amplification band was observed, resulting from the addition o f 0.01 pM  initial 

aptamer concentration to the NASBA reaction, corresponded to the addition o f  0.819 ng 

and 1.04 ng o f DNA aptamer, respectively. The addition o f the SELEX Apt at an initial 

concentration o f  0.01 nM to the NASBA reaction, producing a visible amplification band, 

corresponded to the addition o f  1.64 pg o f DNA aptamer. Furthermore, the intensity o f 

the signal from the bands decreased as the concentration o f  initial aptamer decreased. 

Finally, as expected, no amplification product was observed in the absence o f aptamer 

template.

3.3.2 Detection o f thrombin via Amplified Aptamer Assay

The preceding results demonstrated the amplifiability o f  three candidate thrombin- 

binding aptamers by NASBA. The development o f the ultrasensitive A 3 detection assay 

using aptamers as detection reagents and their subsequent amplification resulting in 

signal generation was examined. The proposed assay involves the detection o f  a bound 

analyte by an aptamer, the amplification o f which provides signal generation and thus an 

indication o f the presence or absence o f test analyte. Using the throm bin model system, 

anti-thrombin antibody was immobilized in the wells o f  a m icrotiter plate, followed by 

reaction with throm bin protein and then aptamer samples at various concentrations in 

aptamer binding buffer. NASBA reaction mixture was added to each reaction well with 

the appropriate primer pairs and the plate was incubated at 41 °C. Aptam er amplification 

product was analyzed by gel electrophoresis. Based on the amplification results for Mod 

Apt 1 and M od Apt 2 (Figure 3.1, Figure 3.2) RNA products at 53 bp and 67 bp were 

expected, respectively. However, following the A 3 assay procedure described above, no
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amplification product was observed for either aptamer at the appropriate band size when 

reacted with throm bin (not shown).

Based on the lack o f  successful thrombin detection by Mod Apt 1 and Mod Apt 2, 

the experiment was repeated using the SELEX Apt. Again, based on the amplification 

results o f this aptam er (Figure 3.3), a 105 bp RNA product was expected. Following the 

A3 procedure described above, an amplification signal was observed using SELEX Apt 

when reacted with throm bin captured in antibody-coated wells (Figure 3.4). Also, there 

was no am plification product when aptamer was reacted with wells that did not contain 

captured throm bin, suggesting the SELEX Apt was binding specifically to thrombin. The 

presence o f bands on the gels below the 50 bp marker band indicates the presence o f 

primer dimers.

3.3.3 Detection o f thrombin in complex matrices

To test the ability o f  the NASBA A3 system for the detection of analytes in complex 

matrices, liquid samples o f thrombin in complex matrices were prepared. Thrombin 

protein was diluted in different types o f liquid samples containing complex mixtures of 

ingredients, PBS, 1% milk, BHI broth, and beef broth, and captured in antibody-coated 

wells, followed by detection o f  bound thrombin by the SELEX Apt and subsequent 

amplification via NASBA. The thrombin protein detectability, producing a visible signal, 

was 2.72 nM in all four sample matrices, which corresponds to 0.27 pmol o f thrombin 

protein (Figure 3.5).



Figure 3.4 Detection o f  thrombin protein with SELEX A pt followed by amplification 

by NASBA and analysis o f  products by agarose gel electrophoresis. Thrombin protein was 

captured in antibody-coated wells at various concentrations, followed by reaction with 

SELEX Apt at various concentrations, in triplicate. Bound SELEX Apt was amplified by 

NASBA as described in Methods. Samples were run alongside a DNA marker (M). These 

experiments were repeated in a separate trial with identical results (not shown).
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Figure 3.5 Detection o f thrombin protein by the SELEX Apt from complex matrices 

in a m icrotiter plate, followed by NASBA amplification. Various concentrations o f 

thrombin diluted in PBS (a), 1% milk (b), BHI broth (c), and beef broth (d) were added to 

antibody coated wells in duplicate, detected by the SELEX Apt, followed by NASBA 

amplification as described in M ethods. Samples were run alongside a DNA marker (M). 

These experiments were repeated in a separate trial with identical results (not shown).
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3.4 Discussion

Based on the hypothesis that single stranded DNA aptam ers may be amplified by nucleic 

acid am plification techniques, the amplification o f  the well characterized thrombin 

aptamers was examined. In order to develop an A3 model system for the detection o f 

thrombin, a nucleic acid amplification technique for the ultrasensitive signal generation 

from the model throm bin DNA aptamer had to be established. W ithin this model system, 

thrombin analyte was bound to the wells o f a microtiter plate and was reacted with a 

DNA aptamer, which served as a detection reagent. The aptamer was subsequently 

subjected to a NA SBA amplification technique, in situ. The idea is to allow for 

exponential amplification o f the aptamer to facilitate the detection o f  even minute 

quantities o f  target captured on a solid phase.

Prim er binding sequences were designed for the 5 ’ and 3 ’ ends o f two short length 

thrombin aptam ers reported in the literature, the 15 nucleotide Apt 1 and the 29 

nucleotide Apt 2 (Table 2.1). These aptamers have the highest binding affinity for 

thrombin (Bock et al., 1992, Tasset et al., 1997); however, they are too short to allow 

primer binding. Thus, for Apt 1 and Apt 2 to be amplifiable by NASBA, randomly 

generated prim er binding sequences were appended to the 5 ’ and 3’ end o f  each aptamer, 

resulting in M od Apt 1 and Mod Apt 2. Furthermore, in order to allow binding o f the T7 

RNA polymerase enzyme in the NASBA reaction, a T7 RNA polymerase promoter 

binding sequence was included at the 5’ end o f  the forward primer. Initial experiments 

demonstrated that these aptamers were successfully amplified by NASBA with the use o f 

the appropriate primers confirmed by the presence o f  bands at the appropriate size 

(Figure 3.1, Figure 3.2). This is relevant since such amplifiability shows the aptamer is
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able to generate a signal that could then be detected by agarose gel electrophoresis. 

Although bands o f the expected amplicon size were observed, the exact size o f the 

product could not be identified via agarose gel electrophoresis. Using this amplicon 

detection method, NASBA RNA products were compared to a DNA molecular weight 

marker ladder. However, RNA and DNA product gel migration can be affected by their 

length, whether they are single or double stranded, and any adoption o f  secondary RNA 

structures due to intramolecular base pairing (Rio et al., 2010).

Once the amplifiability o f  these two aptamers was established, the detection o f 

thrombin protein immobilized in wells o f  a m icrotiter plate was attempted. Mod Apt 1 

and Mod Apt 2 were allowed to bind to thrombin protein and were subsequently 

amplified by NASBA. However, upon analysis o f the resulting amplification product, 

there were no visible bands present on the gel (not shown). Since it was confirmed that 

Mod A pt 1 and M od Apt 2 could be amplified by NASBA, it is surmised that the absence 

o f  amplicon bands on the gels indicated the aptamers did not successfully bind to the 

thrombin protein. The lack o f  successful binding o f  Mod Apt 1 and Mod Apt 2 to 

throm bin may be due to the improper folding o f  the modified aptamers resulting from the 

appended prim er binding sequences, thus impacting their ability to successfully bind to 

thrombin.

Therefore, further studies were performed with the SELEX Apt. As previously 

mentioned, this 105 nucleotide aptamer was developed for the original SELEX selection 

o f the 29 nucleotide core consensus sequence Apt 2 (Chapter 2). Since the SELEX 

selection involves a PCR amplification step, the SELEX aptamer was already designed to 

include prim er binding sites, which should not interfere with the aptam er’s binding
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affinity to thrombin. Therefore, NASBA primers were designed to be complementary to 

these primer binding sequences. Again, a T7 RNA prom oter binding sequence was 

appended at the 5’ end o f  the forward primer. Initial experiments were conducted to 

verify this aptamer could be amplified by NASBA. Using the appropriate prim er pair, an 

expected 105 bp product was observed following NASBA amplification (Figure 3.3). 

Upon confirmation o f its amplifiability, this aptamer was studied in the detection o f 

thrombin protein immobilized in microtiter plates. The SELEX Apt successfully detected 

immobilized throm bin and generated an amplification signal observed by agarose gel 

electrophoresis (Figure 3.4). The resulting amplicon bands corresponded to the expected 

amplicon size range for the SELEX Apt and the signal intensity o f the bands decreased 

with the concentration o f  the aptamer, showing a causal relationship between the 

appearance o f bands on the gel and the binding o f the SELEX Apt to thrombin in the 

wells. Furthermore, the absence o f  amplification product when aptamer was reacted with 

wells that did not contain captured thrombin implies that the resulting bands present in 

cases where thrombin was present was due to the specific amplification o f aptamer bound 

to thrombin protein.

To assess the detectability o f this proposed ultrasensitive detection method by 

means o f NASBA amplification and to determine if the throm bin -  aptam er interaction is 

detectable in the presence o f  complex materials, thrombin was diluted in various complex 

matrices and detected by the SELEX Apt. Results for all four matrix conditions were 

similar and the throm bin detection limit seemed to be 0.27 pmol. W hen compared to the 

thrombin detection limit o f the aptablot, 1.36 x 10'3 pmol (Chapter 2), the thrombin
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detectability o f  the aptablot system is 200 times better than the NASBA A 3 system for the 

detection o f throm bin from all four sample matrices.

In the previous chapter, it was demonstrated that aptam ers may be used as capture 

reagents in the detection o f specific analytes, thus eliminating the need for costly capture 

antibodies. The present experiments demonstrate an alternative use o f  single stranded 

DNA aptamers in order to improve detection methods. It was shown that the ability o f 

single stranded DNA aptamers to be amplified by a nucleic acid amplification technique 

allows for specific signal generation following the detection o f  a particular target analyte. 

Based on the obtained results, it was confirmed that single stranded DNA aptamers can 

be amplified by N A SBA and in one instance the aptamer was able to successfully detect 

bound thrombin. However, the detectability o f the assay was not as sensitive as expected. 

Therefore, focus shifted to the use o f an alternative aptam er amplification method, PCR, 

to demonstrate an ultrasensitive A 3 system, as demonstrated in Chapter 4.
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CHAPTER 4

Development o f  the polymerase chain reaction (PCR) amplification system 

for detection o f  aptamer bound to target analyte
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Abstract

The use o f the nucleic acid amplification technique, polymerase chain reaction (PCR), as 

an alternative detection approach for the Amplified Aptamer Assay (A3) was examined. 

In the proposed assay, a single stranded DNA aptamer is used as an affinity binding 

reagent for the specific detection o f  a target analyte, and the bound aptam er is detected 

through the generation o f  an amplification signal. A specific 105 bp thrombin aptamer 

model system was used in the detection o f thrombin protein captured in the antibody- 

coated wells o f  a m icrotiter plate, followed by PCR amplification o f  this aptamer and 

visualization o f  the amplicon by agarose gel electrophoresis. The SELEX Apt was 

determine to be amplifiable by PCR and was found to successfully generate amplification 

signal upon binding to throm bin protein.

4.1 Introduction

Within the field o f  food diagnostic testing, there is a need to improve detection methods 

to facilitate highly sensitive detection o f antigenic analytes. These analytes can range 

from contaminants such as veterinary drugs or antibiotics, toxins, allergens, and chemical 

residues, to pathogenic organisms such as bacteria and viruses. One molecular biology 

technique with ultrasensitive potential is nucleic acid amplification. The most popular 

amplification technique, the polymerase chain reaction (PCR), amplifies specific 

segments o f DNA through the denaturation o f double stranded DNA, annealing o f 

primers to the 5 ’ and 3 ’ ends o f the target DNA sequence, followed by prim er extension. 

Many PCR protocols for the detection o f foodborne bacteria and viruses have been 

described, which target different regions o f the bacterial genome (Hill, 1996; Allmann et
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al., 1993; Blais et al., 1995). The detection o f amplification product is possible through 

gel electrophoresis with ethidium bromide staining and visual examination o f the gel 

using ultraviolet light. M ore recent advances in technology have lead to the real-time 

detection o f PCR amplicons by the incorporation o f fluorescently labeled probes into the 

reaction mixture, which can bind to the amplicons and provide a detection signal as they 

are produced (Espy et al., 2006).

It has been stated that the PCR technique can detect even one molecule o f  target 

DNA (Swam inathan and Feng, 1994), thus emphasizing its ultrasensitivity. Furthermore, 

DNA amplification is specific since PCR relies on specially designed primers to target 

certain genome sequences. However, this makes the technique only applicable to targets 

with a genome, lim iting its use in the detection o f non-genomic contaminants, such as 

toxins or allergens. Another limitation o f the use o f PCR in the detection o f  pathogenic 

bacteria and viruses is the resulting amplification product cannot distinguish between live 

and dead cells and it cannot give an indication o f  expressed virulence or toxins already 

present, but rather reflects the presence o f the target nucleic acid sequence in the sample 

(Scheu et al., 1998). Thus amplification resulting from DNA from dead microorganisms 

may lead to false-positives. Therefore, it is necessary to have an ultrasensitive method 

which targets the wide array o f potential contaminants.

Aptamers, a newly emerged alternative to affinity binding reagents, are designed 

to bind specifically to a particular target with high affinity. As previously mentioned, 

aptamers are isolated through a process known as Systematic Evolution o f  Ligands by 

Exponential enrichment (SELEX) (Ellington & Szostak, 1990; Tuerk & Gold, 1990). 

The oligonucleotide pool used for the SELEX selection is designed so that the randomly
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generated middle portion o f  the aptamer is flanked by primer binding sequences at the 5 ’ 

and 3’ ends, thus enabling its PCR amplification. Specific aptamers can be selected 

against all potential contaminants mentioned above, which becomes the main advantage 

o f the proposed Amplified Aptamer Assay (A3).

The A 3 system is a proposed ultrasensitive analyte detection method, which can 

provide a more accurate representation o f harmful contaminants actually present in the 

sample due to the specific binding o f aptamers to their targets. Aptamers are used as 

detection reagents in this method by bind specifically to their target, followed by 

amplification o f  the bound aptamer to generate a detection signal. To achieve 

ultrasensitive amplification o f the aptamers, an appropriate technique had to be selected. 

The results o f  the preceding chapter demonstrated the use o f the NASBA technique in the 

A3 system. However, due to the low detectability o f  the NASBA results, a different 

amplification technique was analyzed. As mentioned before, PCR techniques have been 

established for the detection o f pathogenic targets in samples. Furthermore, since 

aptamers are designed to incorporate primer binding sequences to be amplified during 

their selection process, it seemed fitting to evaluate the use o f  PCR in the amplification of 

target-bound aptam er in the A 3 system. In continuing with previous experiments, the 

same thrombin model system was used. In particular, the thrombin SELEX Apt was 

chosen since this aptamer was used in the original SELEX selection o f  the 29 nucleotide 

core Apt 2 (Chapter 2) thus was specifically designed for am plification by PCR. 

Furthermore, due to the successful results obtained with the use o f  this aptamer, it 

became an ideal candidate for the demonstration o f the PCR A 3 system.



95

4.2 M aterials and M ethods

4.2.1 Aptamers and PCR primers

SELEX Apt is the full-length 105 nucleotide throm bin aptam er used in the SELEX 

selection o f  the 29 nucleotide core thrombin Apt 2 (Chapter 2), including the originally 

incorporated 5 ’ and 3 ’ end primer binding sequences used in the SELEX selection (Table 

2.1). PCR primers used in this study were designed to bind to the 5 ’ and 3 ’ sequences o f 

the SELEX Apt (Tasset et al., 1997) (Table 4.1). All PCR primers and the SELEX Apt 

were synthesized by Sigma Genosys (Oakville, ON, Canada).

4.2.2 Sample matrices

Sample matrices used to study detection o f target analyte thrombin included pasteurized 

1%  milk and beef bouillon (ingredients: beef broth [water, beef stock], yeast extract, salt, 

flavour, salted onion juice, caramel, disodium inosinate, disodium guanylate) purchased 

from a local grocer, and the microbial growth medium brain heart infusion (BHI) broth 

(ingredients per litre: 12.5 g brain infusion solids, 5.0 g beef heart infusion solids, 10.0 g 

proteose peptone, 2.0 g glucose, 5.0 g sodium chloride, and 2.5 g disodium phosphate) 

(Oxoid C M 1135, Ottawa, ON).

4.2.3 Amplification by PCR and analysis o f amplicons

SELEX Apt was subjected to a PCR incorporating the prim er pair P5 and P6 (Table 4.1). 

For the PCR, 5 pi o f  aptamer template was added to 45 pi o f  PCR reaction mixture [IX  

PCR buffer containing 1.5 mM M gCh, 200 pM dNPT mix, 0.1 pM o f each primer, and

2.5 U Taq polym erase enzyme]. The PCR was carried out in a M astercycler gradient
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T able  4.1 Oligonucleotide primer sequences used for amplification o f  the SELEX 

Apt by PCR

Primer Sequence (5 ’ -  3 ’)a__________________________

P5 CCC GTC GAC AAA GCA GTT TAG CTA C

P6 AGA TGC CTG TCG AGC ATG CT

a Primer sequences from Tasset et al., 1997
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thermal cycler (Eppendorf) using the following program: initial heating at 94°C for 15 

min, followed by 34 cycles o f denaturation at 94°C for 1 min, primer annealing at 55°C 

for 1 min, and primer extension at 72°C for 1.5 min, with an additional 2 min at 72°C 

following the last cycle. PCR amplicon was visualized by electrophoresing 4 pi of 

NASBA product with 1 pi ethidium bromide loading dye (Lonza, 50463, Walkersville, 

MD) in a 2.2%  (w/v) agarose FlashGel cassette (Lonza, 57031, W alkersville, MD) at 275 

V for 6 min. DNA on the gels was visualized by fluorescence under UV light and 

photographed. The size o f  the amplified fragments was determined by including 5 pi o f 

FlashGel DNA m arker (Lonza, 57033, W alkersville, MD) on each gel, with the following 

band sizes, 50, 100, 150, 200, 300, 500, 800, 1500 bp.

4.2.4 Thrombin detection in microtiter plates via PCR Amplified Aptamer Assay

Anti-human throm bin antibody (Haematological Technologies Inc., AHT-5020, Essex 

Junction, VT) was prepared in 0.01 M phosphate-buffered saline (pH 7.4), 0.85% (w/v) 

NaCl (PBS). A concentration o f 10 pg/ml o f the antibody was immobilized in the wells 

o f  a m icrotiter plate, followed by an overnight incubation at 37°C. The wells were 

washed six times with 0.01 M phosphate-buffered saline (pH 7.4), 0.85%  (w/v) NaCl 

(PBS) containing 0.05% Tween 20 (PBST) using an automated plate washer. The wells 

were blocked by incubation for 1 h at 37°C with either 0.5%  (w/v) Bio-Rad protein 

blocking reagent (Bio-Rad 170-6404, Hercules, CA) in PBST, 1 pg/ml baker’s yeast 

transfer RNA (tRNA) (Sigma-Aldrich, R8508, Oakville, ON) in PBST, 1 pg/ml calf 

thymus DNA (Sigma-Aldrich, D0805, Oakville, ON) in PBST followed by washing with 

PBST. The following reactions were incubated 30 min at room temperature followed by 

six washes with PBST. The wells were reacted with 100 pi o f aptamer binding buffer (50
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mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM M gCh, 5 mM  KC1) containing 2.72 nM 

human a-throm bin protein (Haematological Technologies Inc, HCT-0020, Essex 

Junction, VT) then with 100 pi o f the SELEX A pt solution prepared at various 

concentrations in aptamer binding buffer. Finally, bound aptam er was eluted in 100 pi 

0.01 M glycine-HCl buffer (Sigma-Aldrich, G7126, Oakville, ON) at pH 2.0 for 5 

minutes at room tem perature before 5 pi o f  sample from each well was transferred to 

PCR tubes containing 45 pi o f PCR reaction mixture. After amplification, the amplicons 

were run on agarose gels for analysis.

4.2. S Detection o f  thrombin in complex matrices

Antibody-coated wells were prepared as described above. The wells were blocked by 

incubation for 1 h at 37°C with 2 pg/ml baker’s yeast transfer RNA (tRNA) in PBST 

followed by washing with PBST. The following reactions were incubated 30 min at room 

temperature followed by six washes with PBST. The wells were reacted with thrombin at 

various concentrations in different sample matrices (PBS, 1% milk, BHI broth, and beef 

broth), followed by subsequent reaction with 100 pi o f  the SELEX Apt solution prepared 

at 4.00 pM in aptam er binding buffer. Finally, bound aptam er was eluted in 100 pi o f 

0.01 M glycine-HCl buffer at pH 2.0 for 5 minutes at room temperature before 5 pi o f 

sample from each well was transferred to PCR tubes containing 45 pi o f PCR reaction 

mixture. After amplification, the PCR amplicons were run on agarose gels for analysis.
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4.3 Results

4.3.1 Amplification o f thrombin aptamer by PCR

An essential step in the development o f the A3 system was to confirm the amplifiability 

o f  the SELEX Apt by PCR. The PCR reaction mixture was made using primer pair P5 

and P6 (Table 4.1) and varied concentrations o f  the SELEX Apt were added in triplicate. 

Upon completion o f  the reaction, the samples were visualized by gel electrophoresis to 

confirm amplification had taken place. The production o f  amplicons o f  the expected size, 

105 bp, was observed on the resulting gel (Figure 4.1). The addition o f  the SELEX Apt at 

an initial concentration o f  0.01 pM  to the PCR reaction mixture to produce a visible 

amplification band corresponded to 1.64 x 10'3 pg o f DNA aptamer. As expected, 

samples with higher concentrations o f  template had stronger band intensity, which 

decreased with concentration. Finally, no amplification bands were present for samples 

w ithout template.

4.3.2 Thrombin PCR Amplified Aptamer Assay in microtiter plates

The previous results demonstrate the amplifiability o f  the SELEX Apt by PCR. Thus, the 

developm ent o f  an A3 system was examined using a similar procedure as the NASBA A 3 

o f  chapter 3; however, in this case, amplification was achieved through PCR. Thrombin 

protein was allowed to react with antibody-coated wells, which was subsequently 

detected by the SELEX Apt solution at 8.00 pM, 4.00 pM , 2.00 pM  and 1.00 pM. 

Glycine-HCl buffer (pH 2.0) was used to elute the aptam er so it could be transferred to 

PCR tubes in which the PCR reaction took place. Following gel electrophoresis o f the
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Figure 4.1 Amplification o f  the SELEX Apt by PCR followed by analysis o f 

amplicons by agarose gel electrophoresis. Thrombin aptam er was amplified by PCR 

using prim er pair P5 and P6 to generate an expected 105 bp product. Aptamer template 

was applied at three different concentrations, in triplicate, followed by PCR as described 

in Methods. Samples were run alongside a DNA m arker (M). These experiments were 

repeated in a separate trial with identical results (not shown).
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amplicon, an amplification signal was observed at the expected 105 bp amplicon size for 

the SELEX Apt (Figure 4.2 a). However, some faint amplification signal was also 

observed where there was no thrombin present in the antibody-coated wells, possibly due

to non-specific binding o f  the aptamer (Figure 4.2 b).

Based on the preceding results, various blocking agents were analyzed for their 

ability to most effectively reduce the non-specific binding observed. Thus following the 

same procedure for the PCR A 3 assay described above, wells were blocked with 0.5% 

(w/v) Bio-Rad protein blocking reagent, 1 pg/ml baker’s yeast transfer RNA (tRNA), or 

1 pg/ml calf thym us DNA in PBST followed by reaction with thrombin protein, SELEX 

Apt, and eluted in glycine-HCl buffer before PCR amplification. It was observed yeast 

tRNA was the m ost effective in blocking non-specific binding o f the aptam er over the

Bio-Rad blocker and calf thymus DNA (Figure 4.3).

4.3.3 Detection o f  thrombin in different sample matrices

The preceding experiments analyzed the aptamer -  thrombin interaction in defined buffer 

conditions in the absence o f  extraneous material. To determine if  the aptam er -  thrombin 

interaction could be detected amid complex materials, the assay was performed in the 

presence o f  various sample matrix compositions. Thrombin antibody-coated wells were 

reacted with throm bin diluted in various types o f  liquid matrices, PBS, BHI broth, 1% 

milk, and beef broth. The SELEX Apt was used to detect the captured throm bin from the 

complex matrices, upon which PCR was performed and gels were run. Results for all four 

matrix conditions were
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Figure 4.2 Optimum SELEX Apt concentration for detection o f throm bin protein in 

the wells o f  a m icrotiter plate followed by amplification by PCR and analysis o f 

amplicons by agarose gel electrophoresis. Thrombin was reacted with antibody-coated 

wells and detected by reaction with the SELEX A pt at different concentrations, in 

triplicate, followed by glycine elution and PCR detection as described in Methods. 

Samples were run alongside a DNA marker (M). These experiments were repeated in a 

separate trial with identical results (not shown).
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Figure 4.3 Effect o f various blocking agents on non-specific binding o f  aptamer. 

Antibody-coated wells were blocked with either 0.5%  Bio-Rad blocker protein (a), 1 

pg/ml yeast tRNA (b), 1 pg/ml calf thymus DNA (c) in PBST or PBST (d). Thrombin 

was reacted with antibody-coated wells, detected by SELEX Apt at different 

concentrations, in triplicate, followed by glycine elution and PCR detection as described 

in M ethods. Samples were run alongside a DNA m arker (M). These experiments were 

repeated in a separate trial with identical results (not shown).
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similar. The presence o f  a 105 bp DNA amplicon was observed and its signal intensity 

seemed to decrease as thrombin protein concentration decreased (Figure 4.4). When 

assessing the detectability o f  the thrombin protein, all four cases seemed to have similar 

results, 2.72 pM o f  thrombin protein was detected by the SELEX Apt, which corresponds 

to 2.72 x 10'4 pmol o f detectable thrombin protein. However, there also seemed to be 

slight am plification signal present in the wells where PBS, 1% milk, BHI broth, and beef 

broth were added devoid o f diluted thrombin protein that was attributed to the non

specific binding o f  aptamer to the solid phase.

4.4 Discussion

The present experiments demonstrate the use o f  an aptam er in the detection o f a protein 

analyte in a PCR A 3 system. In this case, the aptamer acted as a detector in which its 

ultrasensitive amplification by PCR resulted in signal generation to indicate the presence 

o f target analytes. Based on the success o f  the SELEX Apt in the experiments described 

in the preceding chapters, this aptamer was applied to demonstrate the detection o f 

thrombin protein in this application.

In order to develop the A 3 system where aptamers generate signal by 

amplification, a suitable amplification technique had to be selected that could 

successfully amplify single-stranded aptamers. The preceding chapter investigated the 

use o f  NASBA for the amplification o f a thrombin DNA aptamer. Although it was 

demonstrated the throm bin aptamer could be amplified by NASBA, its application for 

signal generation in the NASBA A 3 method did not improve the detectability o f thrombin 

when compared to the aptablot system. Furthermore, NASBA reactions require multiple
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Figure 4.4 Detection o f  thrombin protein by the SELEX A pt from complex matrices 

in a microtiter plate, followed by PCR amplification. Various concentrations o f  thrombin 

diluted in PBS (a), 1% milk (b), BHI broth (c), and beef broth (d) were added to 

antibody-coated wells in duplicate and detected by the SELEX Apt, followed by glycine 

elution and PCR detection as described in M ethods. Samples were run alongside a DNA 

marker (M). These experiments were repeated in a separate trial with identical results 

(not shown).
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reagents for the mixture, including a cocktail o f  three different thermostable enzymes, 

which becomes quite costly. There are also issues with RNA digestions by exogenous 

ribonucleases. Thus, it was hypothesized that the SELEX Apt could similarly be 

amplified by PCR. Furthermore, one step in aptam er selection via SELEX involves the 

exponential amplification o f  aptamers with the highest binding affinity to the target. 

Seeing as PCR plays a role in the aptamer selection process, this nucleic amplification 

technique became a viable alternative for this application. Initial amplification 

experiments confirmed this hypothesis (Figure 4.1). Based on the results, amplification o f 

the SELEX Apt by PCR seems to be more sensitive than am plification via NASBA 

(Figure 3.2). W hereas the detection limit via NASBA is 1.64 pg o f the SELEX Apt, the 

detection limit for PCR is 1.64 x 10‘3 pg, a 1000-fold difference, thus demonstrating the 

ultrasensitivity o f  the PCR technique for application in the A 3 system.

After confirming the amplifiability o f the SELEX A pt by PCR, the goal was to 

apply this to the development o f  the PCR A 3 system. Several attempts were made to 

develop this assay using PCR strip tubes as the solid phase (not shown). However, due to 

the lack o f  a proper washing method for the tubes that would eliminate contamination o f 

neighbouring tubes, m icrotiter plates became the chosen solid phase since automated 

plate washers are available for use. Initial experiments in the development o f the assay 

revealed non-specific binding o f the aptamer, resulting in false-positives. Several 

attempts to eliminate the non-specific binding o f  the aptamer included heating the 

samples to 100°C to dissociate the aptamer from the protein and attempting to bind the 

SELEX Apt and throm bin separately before incubation with antibody-coated tubes to
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allow the specific capture o f the SELEX Apt -  throm bin complexes. However, these 

attempts were not successful in the elimination o f the non-specific binding (not shown).

Based on the results obtained after attempting to develop the A 3 assay in PCR 

strip tubes, m icrotiter plates were chosen due to the positive results obtained from the 

NASBA A 3 system in which m icrotiter plates were used as the solid phase. However, to 

allow aptam er amplification, bound aptamer was eluted from the wells with a low acidic 

solution, glycine-HCl, pH 2.0, transferred to PCR strip tubes, and amplified as described 

above. The glycine solution was chosen based on the previously observed dissociation o f 

most antibody-antigen interactions in low pH conditions (Li et al., 2007). It was 

hypothesized that similar conditions would dissociate the SELEX Apt from the thrombin 

protein. Unlike previous experiments, the use o f these conditions resulted in a significant 

decrease o f  am plification signal o f non-specifically bound aptam er in wells without 

thrombin (Figure 4.2). As expected, the negative controls, containing no added aptamer, 

did not produce amplification signal. However, amplification o f  non-specific binding was 

not completely eliminated in the case where aptamer was incubated in antibody-coated 

wells that did not contain captured thrombin protein.

Although the use o f  glycine buffer seemed to have a significant impact on the 

reduction o f  am plification o f non-specific binding, further studies explored the use o f 

various blocking agents. One study mentioned the use o f  yeast transfer RNA (tRNA) as a 

blocker agent used in an aptam er-immobilized ELISA assay for the detection o f E. coli 

0157:H 7 strains (Lee et al, 2012). Furthermore, calf thymus DNA, commonly used as a 

blocker (M cPherson & M oller, 2000) and the blocking agent Bio-Rad blocking protein 

were also assessed for their blocking abilities in this assay. Using the same procedure
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described above, a blocking step was included after coating the wells with thrombin 

antibody and before reacting with thrombin protein. Yeast tRNA was observed to have 

the most effective blocking, resulting in the elimination o f non-specific binding (Figure 

4.3). Based on these results, yeast tRNA was chosen for blocking in subsequent reactions, 

followed by optim ization o f tRNA concentration. The optimum concentration was 

determined to be 2 pg/ml (not shown), which was used in all subsequent experiments. 

Furthermore, in an attempt to decrease non-specific binding, further experiments 

determined that a decrease in aptamer concentration from 8.00 pM to 4.00 pM and 

performing eight washes versus six washes with the automatic plate washer seemed to 

decrease the non-specific binding (not shown).

Future investigations o f the PCR A 3 system will involve the development o f the 

assay for the detection o f  microbial analytes. Thus it is essential to determine if the 

aptam er -  target interaction is detectable amide the complexity o f food samples, and 

achieve ultrasensitive detection o f  thrombin. Thus, sample matrices comprised o f 

complex materials were used to determine if  the SELEX Apt -  throm bin interactions 

could be detected. Thrombin was prepared at various concentrations in PBS, 1% milk, 

BHI broth, and beef broth and added to antibody-coated wells. SELEX Apt was used to 

detect the captured throm bin from the complex matrices. Results for all four matrix 

conditions were sim ilar and seemed to indicate that the aptamer was detecting thrombin 

protein diluted in the four sample matrices since there was a decrease in aptamer 

concentration as throm bin concentration decreased (Figure 4.4). The throm bin detection 

limit seemed to be 2.72 pM  in all four cases, which corresponds to 2.72 x 10'4 pmol. 

When comparing the detectability o f thrombin in the PCR A 3 system to that in the
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aptablot system, which was found to be 1.36 x 10'3 pmol (Chapter 2), the PCR A3 system 

is 5 times more sensitive than the aptablot system. However, there also seems to be slight 

background signal that could not be blocked out in all four sample matrices. But, PBS 

seemed to have the least background signal out o f  all four sample matrices (Figure 4.4 a). 

The increased background signal in the other matrices may be due to endogenous divalent 

ions in the 1% milk, BHI broth, and beef broth that bind non-specifically within the 

wells, providing potential binding sites for the DNA aptam er (Sissi & Palumbo, 2009; 

Pastre et al., 2003).

The experiments presented in this chapter demonstrated the use o f the 

ultrasensitive PCR amplification technique for the generation o f signal from aptamer 

specifically bound to a target, thus allowing for the ultrasensitive specific detection o f  

analytes o f  interest. Following confirmation o f  the amplifiability o f the SELEX Apt, the 

aptamer was used for the detection o f  throm bin captured by antibody-coated wells o f  a 

m icrotiter plate. Once again, although the results are promising, persistent signal resulting 

from non-specific binding o f the SELEX Apt could not be eliminated completely. 

Therefore, future work can focus on the prevention o f  this non-specific binding. 

Furthermore, the present model relies on the use o f agarose gel electrophoresis for 

amplification signal detection. Although this was sufficient for the demonstration o f the 

A3 system within these experiments, a foreseeable application o f  this system would be in 

the detection o f  microbial targets in food samples. Therefore, to further improve 

efficiencies, future work could focus on the real time detection o f  PCR amplicon with the 

incorporation o f specific probes. These specifically designed fluorescently labeled probes 

bind to the target PCR amplicon as it is produced, resulting in a fluorescent signal that is



110

read automatically by the PCR thermocycler. Hence, this method would result in the 

simultaneous enrichment, detection and confirmation o f target-specific DNA, providing 

the results in real-time. Finally, more work would need to be done to develop this assay 

from the thrombin protein model system to the detection o f pathogenic targets o f  interest.



I l l

CHAPTER 5

General Conclusion
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The aptablot and the Amplified Aptamer Assay (A3) systems described in this thesis are 

intended for the ultrasensitive detection o f  analytes o f  concern to food microbiological 

testing laboratories. The proposed aptablot and A 3 systems were designed with the 

intention o f  enabling more sensitive and reliable detection o f  analytes at earlier time- 

points during sample processing, possibly even permitting detection in real time for more 

timely interventions to m inimize the spread o f  contamination. The basis o f both systems 

is dependent on the use o f  aptamers as affinity binding reagents that can bind to specific 

targets with high affinity (Silverman, 2007). The use o f throm bin-specific aptamers as 

both capture and detection agents has provided a detection model to develop the assay 

concepts described herein.

A simple aptablot system involving the use o f  a macroporous polyester cloth was 

developed in Chapter 2 for the detection o f the model throm bin analyte. In the course o f 

these experiments, it was determined that several different throm bin-binding aptamers 

described in the literature could be immobilized on polyester cloth by cross-linking with 

brief exposure to UV light. Thus the DNA aptamers constituted inexpensive synthetic 

capture reagents for the specific detection o f  thrombin in sample solutions, making them 

an attractive alternative to antibodies, which are traditionally used for specific capture o f 

analytes. Furthermore, to improve the flexibility of two assay systems in terms o f the 

choice o f aptamers which could be used, the immobilization o f  shorter length aptamers 

was made possible with the addition o f either a 5’- or 3 ’-poly-T tail that did not interfere 

with the aptam er binding properties. It was found that the longer the poly-T tail, the better 

the immobilization results for the thrombin aptamer. The ability o f  the aptamers to be 

immobilized on the polyester cloth surface and to still be able to detect thrombin provides



113

the basis for either a sandwich aptablot in which the captured thrombin is 

immunoenzymatically detected, or a competitive inhibition or displacement assay, thus 

broadening the potential application o f the aptablot from samples with multiple epitopes 

to samples with single epitopes. Furthermore, it is quite reasonably expected that as the 

number o f  aptam er sequences grows future applications may even replace the detector 

antibody with an enzyme or marker labeled second aptamer. Future development o f this 

system for the detection o f particular pathogenic targets o f interest could lead to a simple 

and cost-effective tool for the detection o f  foodbome pathogens in food testing 

laboratories. However, based on the moderate success o f the lysozyme aptamer in the 

detection o f  lysozyme, the results for which were not as strong as that o f the thrombin 

model system, the aptablot system may not be applicable to all scenarios and is dependent 

on the availability o f a suitable aptamer -  target system.

The second half o f  the thesis described the development o f  the A 3 system in 

which aptamers were intended to be used for ultrasensitive signal generation after 

reaction with captured analyte. To achieve signal generation, aptamers were tested for 

their am plifiability by two different nucleic acid amplification techniques, NASBA and 

PCR. Chapter 3 examined the amplifiability o f  three different aptamers by NASBA and 

their subsequent ability to produce amplification signal upon binding to the target 

thrombin. The SELEX Apt was found to be amplified successfully by NASBA once 

bound to throm bin protein in antibody-coated wells; however, the resulting thrombin 

protein detectability o f  the NASBA A 3 system was not greater when compared to the 

detectability o f  throm bin in the aptablot system. The isothermal NASBA technique was 

an attractive m ethod because it permitted detection o f  bound aptamer to occur directly in
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the wells and did not require the use o f  a thermocycler; however, the results did not 

demonstrate ultrasensitivity in the detection o f thrombin and the costly mixture o f 

enzymes makes the NASBA technique impractical for high throughput analysis.

Thus, an alternative nucleic acid amplification technique, PCR, for use in the A 3 

system was the focus o f Chapter 4 due to its simpler reaction system and ultrasensitive 

properties. Only the SELEX Apt was chosen to demonstrate the PCR A 3 system due to 

the successful results from its use in previous experiments and since it was specifically 

designed to include primer binding sites for its original SELEX selection. Results 

confirmed the SELEX Apt was amplifiable by PCR and its amplification detection limit 

via PCR was more sensitive than amplification via NASBA. Furthermore, it was 

determined the SELEX Apt was able to produce a detectable amplification signal upon 

binding with throm bin protein captured in antibody coated wells. However, since the 

system was developed using a microtiter plate and PCR requires the use o f  a 

thermocycler, it became necessary to elute the bound aptamer using a low acidic solution.

Since the primary intent in the development o f  the A 3 system was to develop an 

ultrasensitive detection system, the detectability o f  the NASBA and PCR A 3 system was 

compared to that o f  the aptablot system, in which the detection resembles a more 

traditional immunoassay. W hereas the detectability o f thrombin protein in the various 

complex matrices via the aptablot system was 1.36 x 10"3 pmol (0.27 nM ) o f thrombin 

protein, the detectability via the NASBA and PCR A 3 systems were determined to be 

0.27 pmol (2.72 nM ) and 2.72 x 10'4 pmol (2.72 pM) o f  throm bin protein, respectively. 

Based on these results, the detectability o f the PCR A 3 system seemed to be the best out 

o f  all three systems, since it is 1000 times better at thrombin detection than the NASBA
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A3 system and 5 tim es better than the aptablot system. When comparing the detectability 

o f  the proposed amplification assays to the throm bin detection limit o f previously 

performed experiments, amplification o f the aptam er seems to have an advantage. For 

instance, an electrochemical direct competitive assay was observed to have a thrombin 

detection limit o f 430 nM (Centi et al., 2008), an aptamer-based sandwich assay had a 

detection limit o f  0.45 nM (Centi et al., 2007), and a fluorescence assay was found to 

have a throm bin detectability o f  8 pM (Jin et al., 2010). So amplification o f the aptamer 

can increase the detectability o f the assay. Thus, the PCR A 3 system can be considered 

ultrasensitive in the detection o f  thrombin protein when compared to the other two 

systems developed within this thesis.

Although the presently described systems do not completely eliminate the use o f 

antibodies, they do provide an alternative option for the replacement o f  antibodies with 

aptamers. Aptam er use offers specificity to the assay sim ilar to antibodies, but the 

advantages o f  aptamers, such as the low cost o f  production, ease of synthesis, and wider 

range o f  targets, makes their use more attractive. The present experiments were 

demonstrated using a thrombin model system since aptamers for this protein target have 

been well developed and characterized. The results o f  this thesis are promising and it is 

foreseeable that these systems could be implemented in routine food testing laboratories 

as they do not require sophisticated equipment for their operation, they are simple to 

perform, and are cost effective. However, future work is necessary to develop more 

relevant tests aimed at the detection o f pathogenic targets o f  interest for microbiological 

food testing laboratories. In order for these assays to be applicable in food testing 

laboratories, aptamers specific to pathogenic targets o f  interest must be available. The
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aptamer field is still relatively new; however, it is expected that the num ber o f available 

aptamers to different targets will grow in the coming years. Thus the success o f the 

reaction is highly dependent on the identification o f suitable aptamers.
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