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ABSTRACT OF THE DISSERTATION 

 
DNA Aptamer Development For Detection Of Atrazine And Protective Antigen Toxin 

Using Fluorescence Polarization 
 

by 
 

Pablo Enrique Sanchez 
 

Doctor of Philosophy, Graduate Program in Microbiology 
University of California, Riverside, March 2012 

Dr. Ashok Mulchandani, Chairperson 
 
 
Aptamers are becoming a viable alternative to antibodies as bio-recognition elements in 

analytical, diagnostic and therapeutic applications. In this research two aptamers were 

developed using capillary electrophoresis systematic evolution of ligands by exponential 

enrichment (CE-SELEX). These aptamers were selected from and artificial library of 

single stranded deoxyribonucleic acid (ssDNA) with 40 randomized nucleotides flanked 

by two priming sites with a diversity of 1015 different sequences. 

The first target employed in this study was the extensively used herbicide, atrazine, for 

which and aptamer with dissociation constant of 890 nM was selected. 

The second target was Protective antigen toxin from the gram positive spore forming 

bacteria Bacillus anthracis for which an aptamer with a dissociation constant of 112 nM 

was selected from the library. 

These two aptamers were used to construct a bioassay based on fluorescence polarization, 

for the successful detection of their respective targets in spiked samples under different 

conditions. 
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Chapter 1: General Introduction 

 

1.1 Aptamers 

Aptamers are RNA, ssDNA and peptide molecules that have extraordinary 

affinity towards a particular target (Ellington and Szostak, 1990; Joyce, 1989, Tuerk and 

Gold, 1990). Around 1990 a technique named Systematic Evolution of Ligands by 

Exponential enrichment (SELEX) was developed to select aptamers from a random 

library of nucleic acids (Tuerk and Gold, 1990). This technology has improved the ability 

to select aptamers against a myriad of targets from small organic molecules (Famulok, 

1999; Famulok and Szostak, 1993) to large proteins (Tuerk and Gold, 1990; Gebhart et 

al., 2000; Fang et al., 2001) or the alteration or de novo generation of ribozyme catalysis 

(Jenison et al., 1994; Jhaveri et al., 2000). Recently the first aptamer in medical trials was 

approved for the treatment of age related macular degeneration (AMD) (Macugen). 

Functional molecules ('aptamers' from 'aptus'; latin = to fit) are selected from a random 

library of RNA or DNA by selection techniques that enable a particular or group of 

sequences to obtain a desired property. Aptamers rely in the ability to form secondary 

and tertiary structures to bind to their target (Fig. 1.1). Not surprisingly the binding 

pockets from aptamers share certain commonality with proteins that bind the same target 

(Marshall et al., 1997). Aptamers have a high degree of affinity and selectivity 

comparable to antibodies. Aptamers present several advantages over antibodies, one is 

the overcoming of the use of animal systems for the production of the molecules, 

selection conditions can be changed (antibody selection occurs always in vivo), they 
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could be generated against toxins or poor immunological reactive antigens (Ulrich, 

2004). Aptamers are produced by a chemical synthesis making them more reliable and 

can be purified to a very high degree and therefore very little variation is expected from 

batch to batch production. They can also be easily modified by addition of biotin or 

fluorescent molecules in very precise locations along the structure of the aptamer. 

Another critical property is the reversibility of the structure by simply denaturing through 

increasing the temperature to 95 ºC, this enables the aptamer technology to be re-used in 

some applications (Jayasena, 1999). 

 

1.2 Systematic Evolution of Ligands by Exponential Enrichment  

SELEX begins with a very large pool of random oligonucleotides which are in 

vitro selected against the target (Fig. 1.2). The diversity of the library is given by the 

number of random nucleotide positions. In a typical solid-phase synthesized ssDNA 

library there are around 1014 to 1015 individual sequences (Tuerk and Gold, 1990).  The 

library is incubated with the target at the desire conditions. In the first cycle only a small 

fraction of the whole library binds the target. Following the release and amplification of 

the small bound fraction by PCR, the next cycle generates a new enriched library with 

different affinities to the target. The affinity of the enriched library is increased in each 

new cycle; by increasing the stringency of binding conditions. This process is continued 

until it reaches saturation typically 5-15 cycles. Then the selected molecules are cloned 

and sequenced to find similarities in the molecules. This allows the possible prediction of 

binding motifs for the target of interest and provides information for further 
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characterization of the aptamers (Tuerk and Gold, 1990). Each individual sequence is 

tested to determine the binding coefficient against the target.  It has been shown that the 

binding affinity of aptamers can be substantially improved by directed evolution of 

sequences with already a significant binding constant (Bittker et al., 2002). 

 

1.3 Capillary Electrophoresis 

Capillary Electrophoresis (CE) is based on the separation of molecules due to the 

two main forces the electrophoretic migration and the electroosmotic flow. 

Electrophoretic migration is defined as the movement of polar molecule in solution in the 

presence of an electrical field. Depending on the charge of the molecule it will migrate to 

the opposite charge. Electroosmotic flow is when the bulk electrolyte flow is caused by a 

accumulation of a positive charge in the inner capillary because the applied potential. The 

silanol groups at the inner capillary wall will be negatively charged, leaving a small 

excess of positive charge ions in the electrolyte solution. This excess will migrate to the 

cathode, dragging the electrolyte solution, therefore creating an electroosmotic flow. 

(Fig.1.3)  

The electroosmotic flow is generally stronger than the electrophoretic migration, analytes 

regardless of the charge will move towards the cathode.  

The time the molecules takes to migrate to the detector depends on an number of factors, 

like the length of the capillary, electrophoretic mobility, buffer, pretreatment of capillary, 

the voltage, the size, shape, and charge of the molecule, pH, and the diameter of the 

capillary used (Beckman, 1996). 
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1.4 CE-SELEX 

Mendonsa and Bowser reported the use of Capillary Electrophoresis - Systematic 

Evolution of Ligands by Exponential Enrichment (CE-SELEX). This technique takes 

advantage of the separations capabilities of capillary electrophoresis (CE) to screen for 

sequences with affinity towards a particular target. This method provides several 

advantages over conventional SELEX. First the rate of enrichment typically in SELEX is 

between 8 -15 cycles with CE-SELEX it takes 4-6 cycles to obtain sequences with strong 

affinity towards the target. Conventional SELEX deals with bias delivered by the 

nonspecific binding with the substrate surfaces of the stationary-phase, filter, microtiter 

plates or beads. This method substantially reduces the time of selection and it also avoids 

any nonspecific binding given that the reaction takes place in solution. 

CE-selection uses the P/ACE MDQ, Beckman Coulter, Inc., Fullerton CA. with a 50 cm 

(40 cm to the window), 50 µm-inner diameter, 360 µm-outer diameter uncoated fused 

silica capillary. The ssDNA library at a [2.5 mM] is incubated with the target and injected 

in the capillary using 0.5 -1 psi for 3 to 5 seconds. The separation is performed at 30 kV, 

with UV detection at 254 nm at 25 Cº. The separation of the sequences it’s given by 

different speeds, the unbound fraction migrates at a different speed than the sequences 

that are bound to the target. The bound sequences are collected, amplified by PCR, single 

stranded regenerate and used for the next round of selection. (Mendonsa and Bowser, 

2005; Mendonsa and Bowser, 2004; Mendonsa and Bowser, 2005; Mosing et al., 2005) 

(Fig. 1.4) 
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1.5 Atrazine 

Atrazine (Fig.1.5) is a s-triazine-ring herbicide. Triazine structure is a 

heterocyclic ring, analogous to the six-member benzene ring but with three carbons 

replaced by nitrogens (Table 1.1). Atrazine inhibits plant growth by binding to the 

quinine-binding protein in photosystem II, inhibiting electron transport  effectively 

stopping photosynthesis (Gressel and Segel, 1982). 

In the U.S. around 76 million pounds of active ingredient are used as a pre-treatment for 

corn, sugarcane and sorghum crop fields (Swain, 1981). In agriculture, field runoff is an 

important transport mechanism by which agricultural pesticides, including atrazine and 

simazine, move into the hydrologic environment. Atrazine is the second most common 

pesticide present in water systems in U.S. according to the EPA's National Survey of 

Pesticides in Drinking Water Wells. The concentration of atrazine in water wells 

frequently exceeds the maximum contaminant level of 3 ppb set by the U.S. 

Environmental Protection Agency (EPA, 2002). Atrazine has been classified as 

moderately persistent herbicide, with half-lives ranging from several days in estuarine 

sediments (Jones et al., 1982) to several months in soils (Khan and Saidak, 1981; 

Schiavon, 1988). However, residues of both the parent compound and its derivatives have 

been detected in soils years after application (Schiavon, 1988). It’s believed that 

dealkylation is the first step in the degradation pathway, with the removal of the ethyl 

side chain generally preceding the removal of the isopropyl group. However, preferential 

deisopropylation of atrazine has been reported for a Pseudomonas sp. capable of 

dealkylation and dehalogenation (Behki et al., 1986). 
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EPA has changed the classification of atrazine since 1980 from “possible”, to “likely 

human carcinogen” in 1990 and finally to “not likely human carcinogen” in 2000. Even 

though there is no definitive evidence of atrazine causes cancer in humans, never the less 

atrazine has shown its ability to induce hermaphroditism in frogs even at levels as low as 

1 ppb concentrations (Hayes et al., 2002). It also has been shown to boost the ratio for 2- 

hydroxyestrone (good estrogen) to 16-α-hydroxyestrone (bad estrogen), promoting cell 

proliferation in human breast cell cultures (MCF-7) (Bradlow, 1995). 

Atrazine has been reported to exert a toxic action on central nervous system (Podda et al., 

1997) and exert morphological changes and a toxic effect on sperm and their motility 

(Kniewald et al., 2000).  Even though the evidence of atrazine toxicity in humans is 

limited, it’s undeniable that atrazine interacts directly or indirectly with estrogen 

receptors. Since estrogen regulation, appears to be the most ancient of all modes of 

steroid/receptor control (Thornton, 2001). Its effect across vertebrates including humans 

should not be underestimated. Also atrazine may indirectly influence the whole trophic 

food web of aquatic ecosystems, by damaging phytoplankton, periphyton, and 

macrophytes which may reduce the capacity of the aquatic habitat to sustain invertebrates 

and fish (Seguin et al., 2001). For these reasons, there is an urgent need for a sensitive, 

specific, robust and inexpensive method for the detection of this pesticide in the water 

supply as well as in the environment. 

Gas, liquid, thin layer chromatography and high pressure liquid chromatography 

(HPLC) with various detectors and different types of spectroscopy are the most common 

analytical techniques presently used for analysis of atrazine. However, these techniques, 



7 
 

which are time consuming, expensive and require highly trained personnel, they are 

available only in sophisticated laboratories and are not amenable for in situ monitoring. 

Enzyme-linked immunosorbent assay (ELISA) have been proven and are widely used for 

biological detection and environmental monitoring (Sherma, 1993). Although widely 

practiced in clinical laboratories and suitable for screening large number of samples, 

ELISA has certain disadvantages. It requires long analysis time, extensive sample 

handeling, photometer capabilities for reading results and is unsuitable for in situ 

monitoring (Pollema and Ruzicka, 1994; Gruessner and Shambaugh, 1995). 

The development of an aptamer that could potentially serve for detection of atrazine in 

water could prove to be economically and advantageous in long term sensing 

applications.  

 

1.6 Secondary Target Protective Antigen  

The Protective antigen toxin from the Anthrax toxin was selected as secondary 

target given the importance it has a biosecurity threat. The Protective antigen (PA) is the 

one of the three components of the anthrax toxin the other two are the edema factor (EF) 

and the lethal factor (LF). Bacillus anthracis is the etiologic agent of anthrax, a disease 

primarily of herbivores and primates such as humans (Mock and Fouet, 2001).The 

Protective antigen name comes from its ability to induce a protective immunity to anthrax 

exposure. The mode of infection is by coming in contact with a spore from the bacteria 

(Moir and Smith, 1990).  The bacilli have two major virulence factors, an antiphagocytic 

capsule and the anthrax toxin. The toxins are composed of the cell-binding Protective 
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antigen (PA) associated with edema factor (EF) and/or lethal factor (LF). Anthrax toxin 

differs from most AB toxins in that the A and B moieties interact only after being 

secreted from the bacteria. PA, EF, and LF associate into toxic complexes either on the 

surface of receptor-bearing cells or in solution.  

Assembly of the three toxin proteins is initiated when PA binds to a proteinaceous 

cellular receptor (Bradley et al., 2001) and is activated by a member of the furin family of 

cellular proteases (Gordon et al., 1995). This cleaves the molecule into two fragments: 

PA20 (20 kDa) and PA63 (63 kDa). Receptor-bound PA63 then spontaneously self-

associates to form ring-shaped, heptameric oligomers (Milne et al., 1994). EF and LF 

bind competitively to PA63 subunits (Cunningham et al., 2002, Mogridge et al., 2002b), 

forming toxic complexes containing 1 to 3 bound molecules of EF and/or LF per PA63 

heptamer (Mogridge et al., 2002a). The heptamer forms an integral-membrane, ion-

conductive pore (Blaustein et al., 1989). Translocation of EF and LF across the 

membrane to the cytosol is linked to this transition, but the mechanistic relationship 

between pore formation and translocation is not well understood (Wesche et al., 1998). 

Once within the cytosol, EF catalyzes the conversion of ATP to cAMP (Leppla, 1982), 

and LF acts proteolytically to cleave certain MAP kinase kinases (Duesbery et al., 1998).  

The PA is an essential factor for the toxicity of the bacteria and plays an important role in 

the immune response in the host. It’s been demonstrated that antibodies against the PA 

possess a neutralizing effect of the toxin as well as anti-spore activities (Cote et al., 

2005). Because of these reasons it makes the PA toxin an ideal target for developing an 

aptamer for its detection and potentially as a toxin neutralizing agent. 
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1.7 Detection Based on Fluorescence Polarization 

Aptamers can replace antibodies in a wide variety of applications in which 

antibodies have been traditionally used, such as enzyme-linked immunosorbent assay 

(ELISA) and immunobead assays (Luzi et al., 2003). Both bind their ligands with high 

affinity and specificity. In some applications aptamers possess some advantages over 

antibodies that make them very promising in analytical, diagnostic and for remediation 

applications. They can be designed and chemically modified, tools for therapeutics 

(Brody and Gold, 2000; Famulok, 1999) and analytical applications (Mucha et al., 2002). 

Nucleic acids have been successfully immobilized in a variety of materials without any 

significant decrease of its binding characteristics (Steel et al., 2000; Edwards et al., 

2002). Biosensors using aptamers have been reported (Davis et al., 1998; Fang et al., 

2001; Jhaveri et al., 2000). Several biosensors with aptamers as bio-recognition element 

(aptasensors) in conjunction with nanostructures (e.g. nanotubes, quantum dots, 

nanoparticles) have been develop (So, 2005; Liu and Lu, 2006, Dwarakanath, 2004). The 

feasibility to modify nucleic acids with various functional groups such as amine, biotin, 

sulfhydryl and thiol allows them to be immobilized onto different nanostructures. Bio-

recognition molecules couple with nanostructures have shown to increases dramatically 

the selectivity and sensitivity of several detection methods (Zheng et al., 2005).  

Fluorescence polarization (FP) using aptamers has been used successfully for 

sensing analytes (Potyrailo et al., 1998). The theory of FP is based on the observation that 

fluorescent molecules in solution when excited with plane-polarized light will emit light 

back into a fixed plane (e.g. the light remains polarized) if the molecules remain 
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stationary during the excitation of the fluorophore. Molecules, however, rotate and 

tumble and the plane into which light is emitted can be very different from the plane used 

for initial excitation. When a fluorescent molecule is excited with plane polarized light, 

light is emitted in the same polarized plane, provided that the molecule remains stationary 

throughout the excited state. If the molecule rotates and tumbles out of this plane during 

the excited state, light is emitted in a different plane from the excitation light. If vertically 

polarized light is exciting the fluorophore, the intensity of the emitted light can be 

monitored in vertical and horizontal planes. If a molecule is very large, little movement 

occurs during excitation and the emitted light remains highly polarized. If a molecule is 

small, rotation and tumbling is faster and the emitted light is depolarized relative to the 

excitation plane. Fluorescence polarization therefore provides a direct readout of the 

extent of tracer binding to proteins, nucleic acids and other biopolymers (Owicki, 2000). 

Aptamers could be used in both noncompetitive and competitive formats in FP assays 

(Fig. 1.6). The noncompetitive format is possible because the small size of an aptamer 

(approximately one-tenth the size of an antibody) should allow a significant change in 

tumbling rate upon interaction with the target (Jayasena, 1999). 
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1.8 Research Objective: 
 

Develop a cost effective and highly specific detection method for atrazine and protective 

antigen toxin based on single stranded DNA aptamers. 

 

Specific Objectives: 

1. Develop and characterize ssDNA aptamer with high specificity and selectivity 

towards  the herbicide atrazine  

2. Develop and characterize ssDNA aptamer with high specificity and selectivity 

towards  the anthrax toxin component protective antigen  

3. Use these aptamers to create a bioassay based on fluorescence polarization for the 

detection of atrazine and protective antigen toxin. 
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1.10 FIGURES AND TABLES 
 

 

Figure 1.1 RNA Aptamer structure complexed with Vitamin B12 (Ellington aptamer 

database) 



17 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Basic SELEX scheme, the original library is incubated with the target, the 

sequences bound to the target are separated, and amplified by PCR, this generates an 

enriched library which is then incubated with the target under more stringent conditions 

for the next cycle. This is repeated until a suitable sequence is selected for the target. 

Original Library 

Bound and Unbound 

Amplification by PCR 

Next cycle 

Target 

 

 

Enriched Library 

Systematic Evolution of Ligands by Exponential Enrichment 
(SELEX) 
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Figure 1.3 Electroosmotic flow cause by and electrical current that generates a small 

excess of protons which will migrate to the cathode, dragging the electrolyte solution in 

the same direction. 
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Figure. 1.4 Schematic of CE-SELEX The ssDNA library is incubated with the target and 

injected in the capillary. The separation is performed at 30 kV, UV detection at 254 nm at 

25 Cº. The unbound fraction sequences and the bound fraction to the target migrate at 

different speeds. The bound fraction is collected, amplified by PCR, single stranded 

regenerate and use for the next round of selection. (Mosing et al., 2005) 
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Figure 1.5 Atrazine Structure 

 

Table 1.1 Selected properties of atrazine ChemIDplus 

Properties Atrazine 

Mass 

Exact mass 

Formula 

Isotope formula 

Composition 

Isotope composition 

Melting point (°C) 

Atom count 

215.683 

215.093773 

C8H14ClN5 

C8H14ClN5 

C (44.55%), H (6.54%), Cl (16.44%), N (32.47%) 

C (44.55%), H (6.54%), Cl (16.44%), N (32.47%) 

173-175 

28 

Source:chem.sis.nlm.nih.gov/chemidplus/ 
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Figure.1.6 Different formats of fluorescence polarization assays based on aptamers 

(Jayasena, 1999). The tumbling rate of the molecule is directly related to the size of the 

molecule, upon a relative change (e.g. an aptamer binding its target) in the size of the 

molecule, this tumbling rate will change thus changing the plane of polarize light. 
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Chapter 2: Atrazine Aptamer 

 

ABSTRACT 

 

 A single stranded DNA aptamer was selected from artificial library, using a 

technique called Capillary Electrophoresis Systematic Evolution of Ligands by 

Exponential Enrichment (CE-SELEX). This technique allowed us to select a sequence 

after six round of selection with the ability to bind the herbicide atrazine with a 

dissociation constant of 890 nM. 
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2.1 INTRODUCTION 

 
Atrazine is a s-triazine-ring herbicide with a molecular weight of 215 g/mol. 

Atrazine is the second most common pesticide present in water systems in U.S. according 

to the EPA's National Survey of Pesticides in Drinking Water Wells. The concentration 

of atrazine in water wells frequently exceeds the maximum contaminant level of 3 ppb set 

by the U.S. Environmental Protection Agency (EPA, 2002). There are several factors that 

contribute to this wide spread presence in the environment.  In the U.S. approximately 76 

million pounds of active atrazine ingredient are used as a pre-treatment for corn, 

sugarcane and sorghum crop fields (Swain, 1981). Atrazine has been classified as a 

moderately persistent herbicide, with half-lives ranging from several days in estuarine 

sediments (Jones et al., 1982) to several months in soils (Khan and Saidak, 1981; 

Schiavon, 1988). Currently there is controversy about the toxic effects it can exert to 

animals including humans as well as aquatic environment. (Schiavon, 1988; Hayes et al., 

2002; Bradlow 1995; Kniewald et al., 2000; Seguin et al., 2001). 

For these reasons, there is an urgent need for a sensitive, specific, robust and inexpensive 

method for the detection of this pesticide in water supply as well as in soil and crops.  A 

potential biorecognition molecule such as aptamer could prove very valuable. We decide 

to apply CE-SELEX protocol to develop a single stranded DNA aptamer, able to bind 

specifically to atrazine.  
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2.2 SELEX 
 

Systematic Evolution of Ligands by Exponential Enrichment (SELEX) was 

developed to identify oligonucleotide molecules with the ability to bind different targets, 

this oligonucleotide with binding capacities were called aptamers (Elligton and Szostak 

1990; Gold and Turk 1990). This method typically required the immobilization of the 

target onto a platform (beads or membranes) to separate the fraction of oligonucleotide 

bound to the target from the unbound fraction. This approach has several drawbacks 1) 

the need to chemically modify the target for immobilization, which makes regions of the 

target unavailable for oligonucleotides for binding, 2) the high background binding of 

oligonucleotides to the platform, this is especially true in the case of small molecules 

such as atrazine (data not shown).  In 2003 Bowser developed a technique named 

Capillary Electrophoresis - Systematic Evolution of Ligands by Exponential Enrichment 

(CE-SELEX) (Fig. 2.1), this technique has the advantage where the selection process take 

place in solution and the partition is done by differences in migration time of target-

ssDNA complex and unbound ssDNA, (Mendonsa and Bowser, 2004). They have applied 

this technology to large proteins like HIV-1 Reverse Transcriptase (MW 117 kD), 

Human IgE, as well as small molecule such as neuropeptide Y. (Mendonsa and Bowser 

2004; Mendonsa and Bowser 2005; Mosing et al., 2005). 
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2.2.1 CE-SELEX Principles 
 
 Capillary electrophoresis employs narrow-bore capillaries to perform high 

efficiency separations of small and large molecules. The separation is produce by high 

voltage. This electrical field in turn creates an electrophoretic flow and an electroosmotic 

flow. The electrophoretic flow is the movement of an electrically charged molecule 

governed by the polarity in the electrical field. The electroosmotic flow (EOF) is 

produced when the silanol groups of the fused silica capillaries come in contact with the 

buffer and becomes ionize. This creates an excess of negatively charge ions inside the 

walls of the capillary, building an excess of positively charge ions, which then migrate to 

the negative pole of the electrical field creating what is call electroosmotic flow (Fig 2.2). 

(MDQ manual) 

 DNA injected into the capillary will tend to migrate to the cathode; because of DNA 

phosphate backbone, but the electrophoretic migration it not strong enough to overcome 

the electroosmotic flow. Regardless of the polarity of the molecules they will always 

migrate to the anode (in some cases the molecules may bind to the wall of the capillary). 

When DNA binds its target it will change the overall charge of the complex, creating a 

different migration pattern for the complex (DNA and target) from that of free DNA. 

This very principle allows the collection of the fraction corresponding to the library 

bound to the target. The goal of this research was to develop an ssDNA aptamer against 

atrazine using the principles than govern CE-SELEX. 
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2.3 MATERIALS AND METHODS 
 

2.3.1 Reagents 

Atrazine employed in this research was purchased from Chem Service Inc. (West 

Chester, PA), DNA library and Primers for PCR were purchased from Integrated DNA 

Technologies Inc. (Coralville, IA), Streptavidin agarose beads for single stranded 

regeneration were obtain from Pierce (Rockford, IL). 

Selection buffer consisted of: 25mM Tris, 10 mM NaCl, 1 mM MgCl2,  

Phosphate buffer for the streptavidin agarose beads reaction: 100 mM Phosphate, 50 mM 

NaCl. 

 

2.3.2 Equipment 

The CE Instrument with a fraction collector P/ACE MDQ Capillary 

Electrophoresis system with UV detection and Ar+ Laser-induced fluorescence (LIF) 

equipped with software 32 Karat (Beckman Coulter, Inc., Fullerton, CA). For this 

research we employed bare-fused silica capillaries with a total length of 40 cm long by 50 

µm inner diameter and 360 µm outer diameter coated with polyvinyl alcohol (Polymicro 

Technologies, Phoenix, AZ), for the polymerase chain reaction we used a MJ Research 

PTC-200 thermo cycler (Bio-Rad, Hercules, CA). 
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2.3.3 DNA Library and Primers 

An eighty base oligonucleotide DNA library was employed. Each oligonucleotide 

consisted of one 40 bases random region, flanked by two priming sites of 20 bases with 

the following sequences (5’- AGC AGC ACA GAC GTC AGA TG – 40 random bases – 

CCT ATG CGT GCT ACC GTC AA-3’). Primers: P1 5’-AGC AGC GAG GTC AGA 

TG-3’, P2 5’-TTC ACG GTA GCA CGC ATA-3’, P1-5’/FAM-AGC AGC GAG GTC 

AGA TG-3’, P2-/Biotin 5’-TTC ACG GTA GCA CGC ATA-3’ 

 

2.3.4 CE-SELEX 

2.3.4.1 Library  

 Naïve library was dissolved in selection buffer to a final concentration of 2.5 mM, 

the solution was heated to 94 °C and cool down to room temperature. This allows for the 

folding of the single stranded DNA molecules. 

 

2.3.4.2 Capillary preparation 

The migration time was calculated by the following formula: f = Ltotal / Ldetector 

The time the sample takes to get to the detector is multiplied by a conversion factor (f) 

which is calculated by dividing the total length of the capillary ( Ltotal) by the length to the 

detector (Ldetector), in our case f = 40/30 = 1.3.  

Capillary conditioning was done by the following treatment: Solutions were 

injected at 20 psi for 2 minutes (approximately 15 µl) 1) 100 mM HCL, 2) 100 mM 
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NaOH, 3) ddH20, 4) Selection buffer. After rinsing the capillary with the different 

solutions an electrical of 30 kV current was applied to condition the capillary. 

 

2.3.4.3 Aptamer-collection Window 

After the capillary conditioning, the target atrazine [1 mM] was injected using 2 

psi for 13 seconds (aprox.150 nl) The separation was performed using 30 kV voltage with 

normal polarity, at 25 °C. The process was monitored using UV detection at 214 nm to 

determine the migration time of the target.   

The same protocol was performed for the folded naïve library in order to 

determine the migration time. This allows us to establish the aptamer collection window 

which was determined to be 30 seconds before the left boundary of the leading peak of 

the naïve library. In this study the migration time of the library to the detector was 11 

min. and 14.3 min to the end of the capillary. In this study the collection window was 

determined to stop at 14 min. (30 seconds before the left boundary of the library peak). 

 

2.3.4.4 Aptamer Selection 

Binding reaction consisted of incubating 2.5 mM of the folded naive library with 

20 nM Atrazine for 20 min at room temperature. The aptamer-atrazine binding reaction 

was injected using 2 psi 13 seconds (150 nl) into the capillary and subjected to electrical 

field of 30 kV. The process was monitored using UV detection at 254 nm for DNA 

detection. The separation was stopped at 14 min and the fraction was collected at the 
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outlet vial which contained 20 µl of selection buffer.  This solution was aliquot into four 

tubes and amplified by PCR. 

 

2.3.4.5 PCR  

 Final concentration of a typically PCR reaction consisted of 1 mM of each 

deoxyribonucleotide triphosphate (dNTP), 1µM of primer 1, 1µM of primer 2, 0.15 U/µl 

of Taq polymerase Promega Corp. (Madison WI), 7.5 mM MgCl2  and 1 mM PCR 

buffer, with 5µl as template (collected fraction from CE-SELEX). The PCR cycle 

conditions started with 95 °C for 5 min. then 11 cycles (limited to 11 cycles to prevent 

the formation of adducts) with a melting temperature of  95°C for 30 seconds, annealing 

temperature of 53 °C for 30 seconds and extension of 72 °C 20 seconds. Controls PCR 

with/out template were performed. PCR reactions aliquots were loaded in a 2% agarose 

gel and stained with ethidium bromide for verification using a Gel Doc 2000 

Documentation System and Quantity One software from Bio-Rad (Hercules, CA). 

 

2.3.4.6 ssDNA Regeneration 

Double stranded DNA (dsDNA) was produce through, PCR amplification and 

incubated with 100 µl of 6% crosslinked streptavidin agarose beads from Pierce Corp.  

(Rockford, IL). Prior to usage the agarose beads were extensively washed and 

equilibrated with binding buffer (phosphate buffer). The dsDNA was incubated for 1 h. 

with gentle rotation. After incubation the beads were washed ten times with 1 ml of 



30 
 

phosphate buffer. The dsDNA was melted with 200 µl 0.15 M NaOH and concentrated 

using the QIAEX II DNA Extraction Kit from Qiagen (German Town, MA) 

 

2.3.5 Cloning 

A fraction of the enriched library was amplified by PCR with the same conditions 

as previously described, with the exception of the second primer which was non-

biotinylated (5’-TTC ACG GTA GCA CGA CGC ATA-3’). The PCR product was 

ligated to pGEM vector from Promega Corp. (Madison, WI) according to manufacture 

instructions. The ligation product was transformed using electroporation into DHά5  E. 

coli. colonies were grown on LB-agar medium supplemented with ampicillin, X-Gal and 

IPTG. White colonies were selected and sequenced at the University of California, 

Riverside Genomics Institute (Riverside, CA.) 

 

2.3.6 Dissociation Constants (Kd) of Atrazine Aptamers with Affinity Capillary 

Electrophoresis (ACE) 

 The Kds for selected clones were determined by ACE.  The same conditions for 

CE-SELEX were used for ACE. Aptamers were labeled with a 6-carboxyfluorescein 

(FAM) labeled primer. A defined concentration of FAM-aptamers was incubating with 

increasing concentration of atrazine. The peak heights of the unbound DNA were used to 

calculate the Kd values. Nonlinear least-squares regression analysis was performed to 

determine the Kd using Prism 4 software (GraphPad, San Diego, CA). 
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2.4 RESULTS AND DISCUSSION 

 

 The objective of this research was to develop a single stranded DNA aptamer with 

high affinity for atrazine. The starting library had a 40 randomized nucleotides flanked by 

two constant regions of 20 nucleotides for amplification by PCR.  The diversity of the 

library is 1015 molecules; the library is prepared to final concentration of 2.5 mM in 

selection buffer, heated to 94° C and cool down at room temperature. A solution of 

atrazine is injected into the capillary for two reasons; to determine if atrazine with the 

given set of conditions will bind to the walls or the capillary, if atrazine does come out of 

the capillary, then we can assess the migration pattern of atrazine (Fig 2.3) migration. 

The library is injected to the capillary to determine the migration pattern (Fig 2.4 

Library). This step is critical because, based on this migration pattern we will determine 

the collection window of the complex DNA-atrazine. In order to potentiate the migration 

differences between the Atrazine-DNA complex and free DNA the buffer contained 5 % 

PEG to allow the more specific separation.  

The folded library was incubated with the atrazine, the binding reaction was injected into 

the capillary which was previously conditioned by rinsing with HCl, NaOH, H2O, buffer, 

and subjected to the electric field of 30 kV. The fraction corresponding to the aptamer-

atrazine complex was recovered, because the target-complex fraction does not yield a 

significant signal, we collected all sequences migrating  more than  30 seconds earlier 

than the left edge of the leading peak. The collected fraction was amplified by PCR in 

which the reverse primer was biotinylated (for single stranded regeneration) and the 
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forward primer was unlabeled. The number of cycles was limited to 11, if further cycles 

were applied, the PCR product resulted in the formation of adducts.  The single strand 

DNA was regenerated by incubating the double stranded biotinylated DNA with agarose 

bead cross-linked with streptavidin according to manufacture instructions. After 

incubation the agarose beads were washed to remove any unbound DNA as well as any 

residues from PCR reaction. The double stranded DNA was melted by adding 200 µl of   

NaOH [0.12 M], the ssDNA was recovered and concentrated. The ssDNA was re-

incubated with atrazine and injected into the capillary for further rounds of selection 

under the same conditions as stated before. After six rounds of selection an aliquot of the 

selected library was amplified by PCR using non-labeled reverse and forward primers 

and ligated to a pGEM plasmid and transformed into E. coli cells. Sequenced clones 

resulted in no identifiable homology (Table 2.1), which is consistent with previous 

published results (Mosing et al., 2005). This it’s believed to be the result of the 

availability of different binding sites of the target. 

The resulting clones were assessed for the dissociation constant for atrazine by affinity 

capillary electrophoresis (ACE). Plasmids isolated from individual clones were use as 

template for the PCR reaction. The PCR reaction employed a 6- carboxyfluorescein 

labeled forward primer with the biotinylated reverse primer to regenerate the single 

strand DNA. The 6-FAM labeled ssDNA was incubated with increasing concentrations of 

atrazine and injected to the capillary; the process was monitored by a laser induced 

fluorescence (LIF) detector in the capillary electrophoresis machine. The peak height was 

used to calculate the dissociation constant using a nonlinear regression analysis with 
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GraphPad Prim. After six rounds of selection the best aptamer (At-Apt-25) obtained had 

a Kd of 890 nM (Fig.2.5).  

The obvious limitation of the selection of aptamers using CE, is that oligos bound to the 

target should exhibit differences in their mobility pattern compared to the unbound. 

Previous CE-SELEX selection employed targets that were significantly bigger than 

ssDNA molecules (~ 25 kDa) (Mendonsa and Bowser, 2004: Berezovki et al., 2005). It 

was believed that a smaller molecule would have a marginal effect in the mobility of 

ssDNA, until an aptamer against a neuropeptide (4272 g/mol) was raised (Mendonsa and 

Bowser, 2005).  

Our research demonstrated that the selection of smaller molecule (214 g/mol) is possible 

using CE-SELEX. In the past decade several methods for selection of aptamers have been 

developed. Most of these methods involved big molecules such as proteins 

(Kulbachinskiy, 2007) but sometimes these methods are not suitable for small molecules. 

Furthermore, most selection methods for small molecules employ targets which have the 

innate ability to be immobilized or have an analog which is suitable for immobilization in 

some platform (Davis and Szostak, 2002). The usage of capillary electrophoresis as a 

platform for selecting aptamers, allows the process to take place in solution thus avoiding 

the immobilization of the target. This makes previously unsuitable targets, available for 

selection by CE-SELEX. Our experiments have shown that it’s possible to considerably 

lower the size of molecules suitable for technique, as is the case of atrazine with a 

molecular weight of 214 g/mol. The dissociation constant of the aptamer At-Apt-25 nM 

(890 nM) is comparable to the dissociation constant of ssDNA aptamers raised against 



34 
 

other small molecules such as cocaine with similar molecular weight (303.353g/mol.) 

(Stojanovic et al., 2001). This method has the potential to screen aptamers for molecules 

which are non-amenable for immobilization, thus increasing the potential number of 

targets for selection. 

This method could be adapted to employ RNA which is a more flexible structure that 

may allow the development of aptamers with lower dissociation constants. An atrazine 

aptamer as bio-recognition molecules have the potential to replace antibodies it a myriad 

of applications from detection systems like ELISA, fluorescence polarization (Jayasena, 

1999), surface plasmon resonance (Hendrix et al., 1997), capillary electrophoresis 

detection (German et al., 1998). 
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2.5 FIGURES AND TABLES 
 

 
 

 

Figure 2.1 Schematic of CE-SELEX. Were the ssDNA library is incubated with 

atrazine. Thru capillary electrophoresis the DNA molecules bound to atrazine are 

recovered, amplified by PCR, the single stranded is regenerated and incubated with 

the target for the next round of selection (Mosing et al., 2005). 
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Figure 2.2 The movement of ions due to the electroosmotic flow (EOF) the silanol 

groups of the silica capillaries become ionize when an electrolyte solution is present. This 

in turn creates a gradient of negatively charge ion in the wall of the capillary to a 

positively charge ion in the center of the capillary, which then migrate to anode creating 

what is known as EOF (MDQ manual). 
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Figure 2.3 Migration pattern of 10 mM Atrazine, this pattern confirms that atrazine does 

migrate in the capillary, the migration was monitored using UV detection at 214 nm. 

 

 

 

 

 

 

−  

 

Figure 2.4 Migration pattern of naïve library, this was done to determine the migration 

time as to be able to determine the collection window for DNA sequences bound to 

atrazine. 
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Clone Sequence Kd µM 

Cl.At-1 GATTTAAGTCATGGGTGACTCGCCGAGACAACTGTTGATG 8.04 
Cl.At-5 GACCCCCGGAAGATGCGAGTCTGGGATAATTCGCTTGACA  
Cl.At-8 GCATAGGACACAGATTGCATGAACCTCCAGTCGAGGCGTC 1.3 
Cl.At-7 GGCTATGAGTTTACTAGTAGACGTTTTCTTGAATAGATAC  
Cl.At-25 CTACGCTAGCTTGTATGCCCATCTGACCTCTGTGCTGCTA  
Cl.At-9 TAGCGCCGTCGTGTTTTTCATCTGACCTCTGTGCTGCTA  
Cl.At-19 GTCCCGATTTCTGAATATTGTGTTTCTTAGAGTTCCGTGA  
Cl.At-16 GGACTATCCCACTTTGGTACGGGCCGTGCACAAAAAGACA  
Cl.At-18 CAACTGGAGTACACTCCGTGTTATAACCAAATCCGCTGCT  
Cl.At-15 TCAGCCTAAACACTAAGGGATAAATGGGTCTTCAAAGAAT 6.4 
Cl.At-3 ACGCTTGGGAGCTCTCCCATATGGTCGACCTGCAGGGCGG  
Cl.At-6 GGGAGTGTTGTCTTACACTAATGTATATTGCAAACCGTAA  
Cl.At-10 AACAGTTTGTCGCCGTGGTCACGAACCATGTGTACATCTG  
Cl.At-14 GGTCCTTTTGTGTTGCAGGACCGCCTCTAAGCCTGCATAG 3.64 
Cl.At-2 TTTAGGATCGGAATCGATATTGTACCGGTCTTTTGGAGAT  

 

Table 2.1 Sequences of clones obtained from ssDNA pool after six rounds of selection 

multiple sequence alignment using CLUSTAL W (1.83). 
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Figure 2.5 Dissociation constant of aptamer At-Apt-25, aptamer was incubated with 

increasing concentration to construct a saturation curve. 
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Chapter 3: Protective Antigen Aptamer 
 

ABSTRACT 

 

Using Capillary Electrophoresis Systematic Evolution of Ligands by Exponential 

Enrichment a single stranded DNA aptamer was selected from an artificial library of 

random nucleotides. The target of this aptamer was the Protective antigen component of 

the Bacillus anthracis toxin after 6 rounds of selection and aptamer with the dissociation 

constant of 112 nM was successfully isolated. 
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3.1 INTRODUCTION  

Anthrax is an acute, febrile infection cause by Bacillus anthracis, which almost 

all warm-blooded animals including humans are susceptible. Cattle outbreaks have 

occurred worldwide, and in the USA several states are identified as areas of infection 

including South Dakota, Nebraska, Arkansas, Mississippi, Louisiana, Texas, and 

California (Merck 1998). Bacillus anthracis is gram positive, non-motile, spore-forming 

bacteria, measuring 4-8 x 1-1.5 µm. Anthrax has been used in the past as a biological 

weapon and there is concern of future use (Collier and Young, 2003). The virulence of 

the strain is associated with the presence of two plasmids, one encodes for anti-

phagocytic capsule the other is responsible for the toxin production (Mock and Fouet, 

2001). In 1950 it was discovered that the components of the toxin were three individual 

proteins: Protective antigen (PA; 83 kDa), Lethal Factor (LF; 90 kDa), and Edema Factor 

(EF; 89 kDa). (Lacy et al., 2004). Each individual protein is completely harmless by 

itself. They need to interact with each other in order to inflict its toxicity. When the PA 

and the LF come together they form what is called the lethal toxin (LeTx) which has 

shown to cause lethal shock in animals models when injected with the LeTx cocktail. The 

mixture of PA and EF call edema toxin (EdTx) induces edema at the injection site. These 

kinds of toxins have been name binary toxins, because in order to produce its toxic 

effects they require to be combined. In nature there are other examples of such binary 

toxins produce by bacteria’s from the genus Bacillus and Clostridium (Collier and 

Young, 2003). 
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Triggering the toxin, starts when PA proteins bind CMG2 receptor also called 

Athrax receptor (ATR). A furin protease cleaves the protein in two fragments one of 20 

KD  fragment (N terminal)  which is release into the medium, the remaining (still bound) 

fragment of 63 KD molecules (C terminal) self-associates into a heptameric oligomer 

(Milne et al., 1994), this heptamer can bind up to 3 EF and/or LF (Mogridge et al., 

2002a). This triggers endocytosis as well as transport of the complex to compartment 

with an acidic pH (Beauregard et al., 2000, Friedlander 1986, Gordon et al., 1988). Inside 

the compartment a conformational changes occurs from a pre-pore to integral-membrane, 

ion conductive pore (Blaustein et al., 1989, Milne and Collier, 1993). The pore allows the 

translocation of EF and LF to the cytosol how this happen is not clear (Wesche et al., 

1998).  EF is a Ca2+-calmodulin dependent on adenylate cyclase, which catalyzes the 

conversion of ATP to cAMP. cAMP interferes with intracellular signaling at multiple 

levels , one of the most relevant for B. anthracis is the inhibition of phagocytosis. LF is a 

metalloprotease which cleaves most isoforms of mitogen-activated protein kinase kinases 

(MAPKKs, also known as MEKs) (Vitale et al., 2000). MEKs belong to a large signaling 

pathway that activates genes for, membrane receptors, pro-inflammatory cytokines and 

other proteins involved in the immune response (Chang and Karin, 2001; Zhang and 

Dong, 2005).  How LfTx kills infected macrophages it not been entirely elucidated. It has 

been reported that an excess production of cytokines lead to dead (Hanna et al., 1993), 

growth in the permeability of ions and rapid depletion of ATP, has been related to cell 

death (Hanna et al., 1992). Activation of genes related to apoptosis has also been reported 

(Park et al., 2002). The crucial role of PA in the overall cycle in the anthrax toxicity 



46 
 

makes it a prime candidate for detection as well as potential target for anthrax exposure 

therapy. It has been shown that antibodies raised against PA toxin have shown to 

conferred passive protection in rabbits and guinea pigs (Pitt et al., 1999; Little et al., 

1997) and even anti-spore germination in early stages of infection which could provide 

vital for treatment and also stimulation of phagocytosis of spores by antibodies isolated 

from sera (Stepanov et al., 1996). Antibodies raised against Protective antigen have 

demonstrated to provide immune protection to the host. PA antigens have been described 

to possess the ability to inactivate the toxin (Pitt, 2001). Interestingly PA antibodies have 

also shown anti-spore properties (Stepanov et al., 1996). The detection of anthrax 

exposure has been evolving over the years starting with the Ouchterlony agar gel 

diffusion test, then complement fixation neutralization tests, microhemagglutination 

currently various forms of ELISA based systems are in place (Quinn, 2002). The central 

role that PA toxin plays in the physiology of anthrax infection makes it an ideal candidate 

for detection. Currently methods of detection of PA toxin rely primarily on antibodies 

and ELISA based assays. 

An aptamer against PA toxin could potentially be employed for detection as well as 

potential therapeutic agent for anthrax toxin exposure. Aptamers have several advantages 

over antibodies; they don’t elicit immune response from the host enabling them to be 

used as therapeutically agents in repeated occasions without the risk of creating 

hypersensitivity reactions. Aptamers can be labeled with fluorophores and other markers 

more consistently than antibodies. They can immobilize into a platform (e.g. plates, 

nanowires, membranes etc.) taking advantage of their ability to release the target by 
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simple heating, changes on pH or salt concentration. This could prove greatly 

advantageous for re-usage creating a very cost effective means for detection. The 

production of PA-Aptamer is also amenable for escalation, due to synthesis of DNA oligo 

is a simple chemical synthesis, unlike antibody production which is always requires cell 

models. 

Systematic Evolution of Ligands by Exponential Enrichment (SELEX) has been 

used to identify DNA and RNA aptamer with high affinity and specificity for different 

targets (Elligton and Szostak, 1990; Gold and Turk, 1990). SELEX employs a random 

library of oligonucleotides from which sequences with the desire characteristics of 

affinity and specificity are selected. In order to have a successful enrichment, sequences 

with affinity toward the target must be separate from non-binders. For this separation 

several techniques have been use such as affinity chromatography and membranes. 

Recently a technique called Capillary Electrophoresis-SELEX bypasses the use of a 

stationary phase, performing the separation in solution, avoiding several of the drawbacks 

of conventional SELEX (Mendonsa and Bowser, 2004). This technique has been applied 

to different target from Human IgE, HIV-1 Reverse Transcriptase, neuropeptide Y. 

(Mendonsa and Bowser, 2004; Mendonsa and Bowser, 2005; Mosing et al., 2005). 

In this study an aptamer with the ability to recognize the Protective antigen toxin was 

selected from a ssDNA library.  
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3.2 MATERIALS and METHODS 

3.2.1 Reagents 

PA Toxin employed in this research was purchased from List Biological 

Laboratories, Inc. (Campbell, CA), The DNA library and primers for PCR were 

purchased from Integrated DNA Technologies Inc. (Coraville, IA), Streptavidin Agarose 

Beads for single stranded regeneration were obtain from Pierce (Rockford, IL), Selection 

buffer consisted of: 25mM Tris, 10 mM NaCl, 1 mM MgCl2,   Streptavidin agarose bead 

binding/washing buffer: Phosphate buffer 100 mM Phosphate, 50 mM NaCl. 

 

3.2.2 Equipment 

We employed a P/ACE MDQ Capillary Electrophoresis system with UV 

detection and Ar+ Laser-induced fluorescence (LIF) equipped with software 32 Karat 

(Beckman Coulter, Inc., Fullerton, CA). The capillaries used were bare-fused silica 

capillaries with a total length of 40 cm long by 50 µm I.D. and 360 µm O.D. coated with 

polyvinyl alcohol from Polymicro Technologies (Phoenix, AZ), for the  Polymerase 

chain reaction we employed  a MJ Research PTC-200 thermo cycler Bio-Rad  (Hercules, 

CA). 



49 
 

3.2.3 DNA Library and Primers 

The DNA library was comprised by randomized 40 bases, with to two defined 

regions for priming. With the following sequences (5’- AGC AGC ACA GAC GTC 

AGA TG – 40 random bases – CCT ATG CGT GCT ACC GTC AA-3’). Primers: P1 5’-

AGC AGC GAG GTC AGA TG-3’, P2 5’-TTC ACG GTA GCA CGC ATA-3’, P1-

5’/FAM-AGC AGC GAG GTC AGA TG-3’, P2-/Biotin 5’-TTC ACG GTA GCA CGC 

ATA-3’. 

 

3.2.4 CE-SELEX 

3.2.4.1 Library  

 Unselected library was diluted with selection buffer at a final concentration of 2.5 

mM, to enable the proper folding of the DNA the solution was heated to 94 °C and cool 

down to room temperature.  

 

3.2.4.2 Capillary preparation 

In order to determine the migration time of the molecules the following formula 

was employ: f = Ltotal / Ldetector The migration time to the detector of the sample is 

multiplied by a conversion factor (f) This factor is obtain by dividing the total length of 

the capillary ( Ltotal) by the length to the detector (Ldetector),  for this experiment the total 

length was 40 and the length to the detector was 30 resulting in a f = 1.3. The capillary 

was condition using this:  All Solutions were injected at 20 psi for 2 minutes 

(approximately 15 µl) 1) 100 mM HCL, 2) 100 mM NaOH, 3) ddH20, 4) Selection 
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buffer. After rinsing the capillary with the different solutions an electrical field of 30 kV 

was applied, the capillary was ready for the selection process. 

 

3.2.4.3 Aptamer-collection Window 

In order to determine the migration pattern of the target (PA)  one micro molar 

was injected using 2 psi for 13 seconds (aprox.150 nl). An electric field of 30 kV was 

applied to enable the migration using normal polarity at a temperature of 25 °C. The 

process was monitored using UV detection at 280 nm (Fig. 4) Employing the same 

methodology the folded naïve library (Fig. 5) was injected to determine the migration 

time. In this study the migration time of the library to the detector was 6.5 min. and 8.45 

min to the end of the capillary. In this study the collection window was determined to 

stop at 8.15 min. (30 seconds before the left boundary of the library peak). 

 

3.2.4.4 Aptamer Selection 

The folded naive library [2.5 mM] was incubated with 20 nM PA Toxin for 20 

min at room temperature. The binding reaction was injected using 2 psi 13 seconds (150 

nl) into the capillary and a o electrical field of 30 kV was applied. The process was 

monitored using UV detection at 254 nm for DNA detection. The separation was stopped 

at 8.15 min and the fraction was collected at the outlet vial which contained 20 µl of 

selection buffer.  This solution was aliquot into four tubes and amplified by PCR. 
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3.2.4.5 PCR  

 Final concentration of a typically PCR reaction consisted of 1 mM of each 

deoxyribonucleotide triphosphate (dNTP), 1µM of primer 1, 1µM of primer 2, 0.15 U/µl 

of Taq polymerase Promega Corp. (Madison, WI), 7.5 mM MgCl2  and 1 mM PCR 

buffer, with 5µl as template  when CE-SELEX  was performed  the collected fraction 

from for selection was employ; For dissociation constant experiments and fluorescence 

polarization assay diluted aliquots of the ligated sequences into pGEM plasmid were used 

as template. The PCR cycle conditions started with 95 °C for 5 min. then 11 cycles 

(limited to 11 cycles to prevent the formation of adducts) with a melting temperature of  

95°C for 30 seconds, annealing temperature of 53 °C for 30 seconds and extension of 72 

°C 20 seconds. Controls PCR with/out template were performed. PCR reactions aliquots 

were loaded in a 2% agarose gel and stained with ethidium bromide for verification using 

a Gel Doc 2000 Documentation System and Quantity One software from Bio-Rad 

(Hercules, CA).  

 

3.2.4.6 ssDNA Regeneration 

Double stranded DNA (dsDNA) produce through, PCR amplification was 

incubated with 100 µl of 6% crosslinked streptavidin beaded agarose Pierce Corp.  

(Rockford, IL). Prior used of the agarose beads were extensively washed and equilibrated 

with binding buffer (Phosphate buffer). The dsDNA was incubated for 1 h with gentle 

rotation. After incubation the beads were washed 10 times with 1 ml of phosphate buffer. 
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The dsDNA was melted with 200 µl 0.15 M NaOH and concentrated using the QIAEX II 

DNA Extraction Kit Qiagen (German Town, MA) 

 

3.2.5 Cloning 

A fraction of the enriched library was amplified by PCR with the reaction as 

previously described, with the exception of the second primer was non-biotinylated (5’-

TTC ACG GTA GCA CGA CGC ATA-3’). The PCR product was ligated to pGEM 

vector from Promega Corp. (Madison, WI) according to manufacture instructions. The 

ligation product was transformed using electroporation into DHά5  E.coli. Colonies were 

grown on LB-agar medium supplemented with ampicillin, X-Gal and IPTG. White 

colonies were selected and sequenced at the University of California, Riverside 

Genomics Institute (Riverside, CA). 

 

3.2.6 Dissociation Constants (Kd) of PA Toxin Aptamers with Affinity Capillary 

Electrophoresis (ACE) 

 The Kds for selected clones were determined by ACE.  The same conditions for 

CE-SELEX were used for ACE. Aptamers were labeled with a 6-carboxyfluorescein 

labeled primer. A defined concentration of FAM-aptamer was incubating with increasing 

concentrations of PA Toxin. The peak heights of the unbound DNA were used to 

calculate the Kd values. Nonlinear least-squares regression analysis was performed to 

determine the Kd using Prism 4 software (GraphPad, San Diego, CA USA). 
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3.3 RESULTS AND DISCUSSION 

 The objective of this research was to develop a single stranded DNA aptamer with 

high affinity for PA toxin. The starting library had a 40 randomized nucleotides flanked 

by two constant regions of 20 nucleotides for amplification by PCR.  The diversity of the 

library is 1015 molecules; the library is prepared to final concentration of 2.5 mM in 

selection buffer, heated to 94° C and cool down at room temperature. A solution of PA 

toxin was injected into the capillary for two reasons; to determine if PA toxin with the 

given set of conditions will bind to the walls of the capillary and to assess the migration 

pattern of PA toxin (Fig. 3.1). The library was injected into the capillary to determine the 

migration pattern Library (Fig. 3.2). This step is critical because, based on this migration 

pattern the collection window of the complex DNA-PA toxin is determine. 

The folded library was incubated with the PA Toxin, the binding reaction was injected 

into the capillary which was previously conditioned by rinsing with HCl, NaOH, H2O, 

buffer, and subjected to the electric field of 30 kV. The fraction corresponding to the 

aptamer-PA toxin complex was recovered, because the target-complex fraction does not 

yield a significant signal, we collected all sequences migrating more than 30 seconds 

earlier than the left edge of the leading peak. The collected fraction was amplified by 

PCR in which the reverse primer was biotinylated (for single stranded regeneration) and 

the forward primer was unlabeled. The number of cycles was limited to 11, if further 

cycles were applied, the PCR product resulted in the formation of adducts.  The single 

strand DNA was regenerated by incubating the double stranded biotinylated DNA with 

agarose bead cross-linked with streptavidin according to manufacture instructions. After 
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incubation with the agarose beads, they were washed to remove any unbound DNA as 

well as any residues from PCR reaction. The double stranded DNA was melted by adding 

200 µl of   NaOH [0.12 M], the ssDNA was recovered and concentrated. The ssDNA was 

re-incubated with PA toxin and injected in to the capillary for further rounds of selection 

under the same conditions as stated before. After six rounds of selection an aliquot of the 

selected library was amplified by PCR using non-labeled reverse and forward primers 

and ligated to a pGEM plasmid and transformed into E. coli cells. Sequenced clones 

resulted in no consistent homology (Table 3.1), which has been previously observed in 

selection of aptamers using CE-SELEX (Mosing et al., 2005). This it’s believed to be the 

result of the availability of multiple binding sites of the target. 

The resulting clones were assessed for the dissociation constant for PA toxin by affinity 

capillary electrophoresis (ACE). Plasmids isolated from individual clones were use as 

template for a PCR reaction. The PCR reaction employed a 6- carboxyfluorescein labeled 

forward primer with the biotinylated reverse primer to regenerate the single strand DNA. 

The 6-FAM labeled ssDNA was incubated with increasing concentrations of PA toxin 

and injected into the capillary; the process was monitored by a laser induced fluorescence 

(LIF) detector in the capillary electrophoresis machine. The peak height was used to 

calculate the dissociation constant using a nonlinear regression analysis with GraphPad 

Prism. After six rounds of selection, the best aptamer (At-Apt-11) obtain had a Kd of 112 

nM (Fig. 3.3).  

The obvious limitation of the selection of aptamers using CE is that oligos bound to the 

target should exhibit differences in their mobility pattern compared to the unbound. 
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Previous CE-SELEX selection employed targets that were significantly bigger than 

ssDNA molecules (~ 25 kDa) (Mendonsa and Bowser, 2004; Berezovki et al., 2005). 

The United States Department of Defense has classified B. anthracis as a top priority bio 

warfare concern. The essential role of the PA component of the anthrax toxin plays in the 

pathway of the infection as well as its role in its early exposure to anthrax makes it the 

preferred target for detection of the pathogen and its toxin. 

Currently ELISA is the preferred method for detection, for its accuracy, sensitivity and 

reproducibility. Nevertheless ELISA relies primarily in antibodies as the biorecognition 

molecule which presents several drawbacks. Antibody production requires the 

immunization of animal models, identification and purification of the desire antibody. 

These make antibody production costly and time consuming. 

In the past therapeutically applications for anthrax exposure have rely primarily on 

vaccination with heat attenuated bacteria or a non-capsulated strain which is non-virulent, 

currently the U.S.A vaccine is compose of antigen absorbed into hydroxide gel. (Turnbull 

et al., 1986) Nevertheless there is still a lot of reservation about the efficiency of this 

treatment (Geier and Geier, 2004). A new generation of vaccines using DNA 

recombinant technology is being produced but so far none has successfully completed 

clinical trials (Goodman, 2005). An aptamer against PA toxin could potentially address 

all the drawbacks of current usage of PA antibodies. Further experiments need to be 

performed with PA aptamers to demonstrate their possible advantages over current 

antibodies.
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3.5 FIGURES AND TABLES 
 

 

Figure 3.1 Migration pattern of 10 µM PA, this confirms that PA toxin does migrate in 

the capillary; the migration was monitored using UV detection at 280 nm. 

 

 

Figure 3.2 Migration pattern of naïve library, this was done to determine the migration 

time as to be able to determine the collection window for DNA sequences bound to PA 

toxin. 
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Clone Sequence Kd 
nM 

Cl.PA-5 TCAGACACTTTGCCAAAAAACATGATACAAGTTCGCTGCC 173 
Cl.PA-14 ACGCCCTCATAATAACCCGATATAAGTGTTCAACTGGGTC  
Cl.PA-4 TGGGCGCAAACCTATTTACGTGACCTATGAACCCAGTTCA  
Cl.PA-8 GGAAAATTAAGTAGCCGTAAAAGCCAGGACTACTGACTCG  
Cl.PA-10 CATCTCGGTCGTGAACTTTACATGCATGAGTATTTTGGTG 488 
Cl.PA-12 CATCTCGGTCGTGAACTTTACATGCATGAGTATTTTGGTG  
Cl.PA-20 GCTTTACCGCACTTCCGATCTTTAATTTCGAGTGTATCAT  
Cl.PA-11 ATCACTAGTGAATTCGCG-GCCGCCTGCAGGTCGACCATAT  
Cl.PA-13 CAGGTCGACCATATGGGAGAGCTCCCAACGCGTTGGATGC  
Cl.PA-15 CACGGTAGCACGCATAGGTCTTAGCAACAGTAGTTAGGCC  
Cl.PA-19 TTTCACGGTAGCACGCATAGGGG--GATGACG  
Cl.PA-2 ACGGCAGTCCTCATCTGGACTAGACGCCTGATCGCGGTAA  
Cl.PA-16 AGGAAATTAAAATTGCTGACGGTCGTGCATTCCCAGGCGT  
Cl.PA-7 CCCAACATCTACGGTTAGACCGGGTTTACCTGAGCTGACA 526 
Cl.PA-6 TTTCTAGGAAATTCAAACAGGTTTGTATTTTTCTAGTTGA 345 
Cl.PA-1 CTATAGAGGTGCTCCAGGGCGATAAACTTATGAATATTAA 1.14 
Cl.PA-3 AGCTTAGTGCATATCACTCCTCGTTATAGCATGGTTATAG 661 
Cl.PA-9 AAATGATTGCTACAATACATAGAGTCATGGAGATTACATC 509 
Cl.PA-18 TATTATCGCTTCAAATGATTGTTACGCTTACCGTCAGCCC  
Cl.PA-17 TACAATCAAGGGGTGGGCCCAAGCACCCTCACCATCTGAC  
 

Table 3.1 Sequences of clones obtained from ssDNA Pool after six rounds of selection 

CLUSTAL W (1.83) multiple sequence alignment. 
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Figure 3.3 Dissociation constant of aptamer PA-Apt-11, aptamer incubated with 

increasing concentrations of PA toxin. 
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Chapter 4: Aptamer Based Atrazine and Protective Antigen Fluorescence 
Polarization Bioassay 
 

ABSTRACT 

 

The selected single stranded DNA aptamers for atrazine and Protective antigen toxin 

were employed in the development of a bioassay based in fluorescence polarization. The 

atrazine aptamer was able to discriminate between the simazine molecule and its target 

even though the two molecules are almost identical; it also demonstrated its ability to 

bind its target in a complex solution such as, water samples from Lake Elsinore.  

The Protective antigen was able to successfully detect its target in ideal conditions as well 

a in a complex matrix such a human plasma. 
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4.1 INTRODUCTION 

The development of immunoassays for environmental and food monitoring has 

been increasing over the years. One of the major targets are pesticides, this is a result of 

their extensive use and their persistence in the environment. (Bushway et al., 1988; 

Wittmann and Hock, 1989; Schlaeppi et al., 1989; Giersch, 1993) One of the most widely 

use pesticides in the US is atrazine, although it has been banned in the European Union 

(Kramer et al., 2001). Atrazine has been linked to endocrine disruptions with different 

effects from the de-masculinization in amphibians (Hayes et al., 2003), cell proliferation 

in human cell cultures (Bradlow, 1995) as well as toxic effect in rats central nervous 

system (Podda et al., 1997) Although some controversy exist around the toxicity of 

atrazine in humans, EPA has set the standard to 3 ppb. in drinking water. This level is 

exceeded in a substantial number of water reservoirs around the US, used for human 

consumption (EPA). Several enzyme base immunoassays have been applied to the 

detection of atrazine in food, soil and water. (Thurman et al., 1990; Goh et al., 1990) 

Nevertheless these methods have several drawbacks including long incubation time, 

separation and washing steps (Önnerfjord et al., 1997). Flow injection immunoassays 

reduce the time in these steps but, it requires 30 min to perform each measurement 

(Gascon et al., 1997).  

Fluorescence polarization (FP) is a homogeneous method that allows the direct 

measurement of molecular binding in less than 5 seconds. It measures the mobility of a 

fluorescent molecules when is excited by plane-polarized light, depending on the rotation 
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and tumbling rate, it emits polarized fluorescence light between excitation and emission 

(Perrin, 1926). FP is directly proportional to the molecular weight. Large molecule move 

slowly so the fluorescence polarization remains somewhat highly polarized, however 

small molecules rotates faster so the fluorescence polarization becomes less polarized or 

depolarized. In recent years this technique has been employed to detected pesticides in 

food, soil and water (Sergei et al., 1994; Sendra et al., 1998). There are two main assay 

setups, competitive and non-competitive. The competitive assay employed bio-

recognition molecules (antibodies, receptors, aptamers) and tracers (fluorescent analog to 

the analyte), and it’s based on the displacement of the tracer by the analyte. The major 

disadvantage of the competitive assay is that it requires a precise control of the reagents 

and it has a narrow dynamic range. Typically antibodies have been the preferred choice 

of recognition molecules, but because antibodies are large molecules (around 100,000 

KD) when they bind their target there is little change in the tumbling rate of the complex 

(target bound to antibody). Therefore the FP signal is very small. Competitive assays 

using antibodies requires tracers, because homogenous fluorescently labeled antibodies 

are difficult to produce (Jayasena, 1999). In contrast aptamers are easily fluorescently 

labeled and they are significantly smaller than antibodies. When a fluorescently labeled 

aptamer binds its target is expected to cause a significant change in the tumbling rate of 

the aptamer–target complex, this change is easily detected by fluorescence polarization. 

This avoids the use of tracers making the assay non-competitive which has none of the 

draw backs of the competitive assay (Potyrailo et al., 1998). 
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This study describes the development of non-competitive atrazine bio-sensor based on 

ssDNA aptamer against atrazine and Protective antigen as the biorecognition molecule. 

4.2 MATERIALS AND METHODS 

4.2.1 Buffers and Solutions 

Selection buffer consisted of: 25mM Tris, 10 mM NaCl, 1 mM MgCl2, Phosphate 

buffer  for streptavidin agarose bead binding/washing buffer: 100 mM Phosphate, 50 mM 

NaCl. Atrazine, Simazine and Parathion were purchased from Chem Service Inc. (West 

Chester, PA). Protective antigen toxin was purchase from List Biological Laboratories 

Inc. (Campbell, CA), for experiments on a complex matrix; human plasma was purchased 

from Sigma (St. Louis, MO) 

 

4.2.2 Equipment 

The fluorescence polarization instrument employed was a POLARstar OPTIMA  

from BMG (Offenburg, Germany), 384 Black plates from Nunc (Rochester, NY),  for the 

Polymerase chain reaction we use a MJ Research PTC-200 thermo cycler Bio-Rad  

(Hercules, CA). 
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4.2.3 Primers  

Primers for the amplification and generations of single stranded DNA: P1-

5’/FAM-AGC AGC GAG GTC AGA TG-3’, P2-/Biotin 5’-TTC ACG GTA GCA CGC 

ATA-3’ purchased from Integrated DNA Technologies Inc. (Coralville, IA). 

 

4.2.4 Water Samples  

To test the atrazine aptamer on a complex matrix water from Lake Ellsinore was 

collected and filtered with a Stericup with a membrane pore size of 0.22 µm, purchased 

from Milipore Corp. (Billerica, MA). 

 

4.2.5 Polymerase Chain Reaction  

PCR reaction consisted of 1 mM of each deoxyribonucleotide triphosphate 

(dNTP), 1µM of primer 1, 1µM of primer 2, 0.15 U/µl of Taq polymerase (Promega 

Corp., Madison, WI), 7.5 mM MgCl2 and 1 mM PCR buffer, with 5µl of PA-Aptamer 11 

as template (diluted aliquots of the ligated sequences into pGEM plasmid) with the 

following sequence: 5’-ATCACTAGTGAATTCGCG-

GCCGCCTGCAGGTCGACCATAT-3’ and the At-Aptamer 25 with the following 

sequence: 5’-CTACGCTAGCTTGTATGCCCATCTGACCTCTGTGCTGCTA-3’.The 

PCR cycle conditions started with 95 °C for 5 min. then 18 cycles  with a melting 
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temperature of 95°C for 30 seconds, annealing temperature of 53 °C for 30 seconds and 

extension of 72 °C 20 seconds. Controls PCR with/out template were performed. PCR 

reactions aliquots were loaded in a 2% agarose gel and stained with ethidium bromide for 

verification using a Gel Doc 2000 Documentation system and Quantity One software 

from Bio-Rad (Hercules, CA).  

 

 

4.2.6 Single strand DNA Regeneration 

Double stranded DNA (dsDNA) produced through PCR amplification was 

incubated with 100 µl of 6% crosslinked streptavidin beaded agarose (Pierce Corp., 

Rockford, IL). Prior to usage the agarose beads were extensively washed and equilibrated 

with binding buffer (phosphate buffer). The dsDNA was incubated for 1 h with gentle 

rotation. After incubation the beads were washed ten times with 1 ml of phosphate buffer. 

The dsDNA was melted with 200 µl 0.15 M NaOH and concentrated using the QIAEX II 

DNA Extraction Kit Qiagen (German Town, MA). 

 

4.2.7 Fluorescence Polarization 

 Approximately 2 ng/µl of ssDNA which was fluorescently labeled were incubated 

with different concentrations of the target raging from zero to 5 µM of atrazine, 

siamazine and parathion as a control, in a final volume of 20 µl, measurements were 
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performed in 348 black plate with round bottom. With buffer and Lake Elsinore water in 

some cases the pH was adjusted using HCl. The plates were place with gentle rotation for 

20 min. After incubation the measurements where performed with a POLARstar 

OPTIMA instrument with dedicated software. The fluorescence polarization (P) values, 

defined according to the formula:  

P = [Ivv – Ivh] / [Ivv + Ivh] 

Where Ivv and Ihh are the vertical and horizontal components of the emitted fluorescence 

intensities. Fluorescence polarization expressed in “milli units”(mP) and ten readings 

were averaged and used to construct curves using Excel (Microsoft Corp. Redmond, 

WA).  
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4.3 RESULTS AND DISCUSSION 
 
4.3.1 Atrazine Detection 

In FP assays, a fixed amount of fluorescently labeled aptamer is incubated with 

different samples containing increasing concentration of the target, and controls. After 

five minutes of incubation there is a measurement of the signal. A change in the FP signal 

is proportional to the amount of atrazine bound to the aptamer. FP has been successfully 

employed to detected aflatoxin (Nasir and Jolley, 2002) and detection of atrazine in food 

(Sendra et al., 1998).  Previous research has been able to demonstrate that using aptamers 

as the biorecognition molecule in a FP assay is feasible with several advantages over 

competitive assays (Potyrailo et al., 1998); labeling aptamers with fluorescent molecules 

has little to no effect in the binding capacity of the aptamer. This provides an ideal 

platform for developing FP sensor based on aptamers.  Traditionally using FP assays for 

detection of a target, the fluorescent marker was present in the target due to the difficulty 

and lack of homogeneity in fluorescently labeled antibodies. This in turs requires the 

development of a FP assay to either labeled the target with a fluorescent tag or/and 

chemically derived a target analog. Having the fluorescent label on the target limits the 

FP assay to a competitive arrangement. This limits the number targets that are feasible to 

be fluorescently labeled or targets with chemically derived fluorescent analog. The ability 

to directly label the recognition molecules as is the case of aptamers allows the FP assay 

to be non-competitive which potentially increases the number of possible targets and also 

makes the assay simpler because there is no need of titer the labeled target and 

recognition molecule to optimal concentrations. 
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4.3.2 Cross Reactivity Studies 

To evaluate the specificity of the assay, the aptamer At-Apt-25 with the following 

sequence: CTACGCTAGCTTGTATGCCCATCTGACCTCTGTGCTGCTA was tested for its 

cross reactivity to atrazine and other pesticides. The lower detection limit of the FP assay 

for atrazine was around 3 µM in selection buffer. For comparison simazine and parathion 

were employed in the assay. Atrazine and simazine are almost identical molecules and 

parathion is another pesticide with a similar molecular weight. The acquired data shows 

the ability of the At-Apt-25 aptamer to discriminate between simazine and atrazine even 

though the two molecules differ only in one carbon molecule (Fig. 4.1). This assay has 

the advantage of having a shorter time of reaction compare with traditional ELISA and 

the ability to reverse the reaction by denaturing the tertiary structure of the DNA either 

by heat, pH or salt concentration.  

The selection of atrazine aptamers was carryout under neutral conditions. To address the 

viability of such assay with real samples, water samples from Lake Elsinore were 

employed.  Lake Elsinore has a pH 9 this creates the concern of such high pH partially or 

completely denaturing the tertiary structure of the aptamer, rendering the sensor useless.  

The pH range of the sensor was assed under lake natural pH and adjusted to neutral and 

acidic pH. Without adjusting the pH of water samples the sensor show no response to any 

of the pesticides (Fig. 4.2) the same was observed when the pH was adjusted to 5 (Fig. 

4.3). When the pH was adjusted to 7 there was a discrete effect in the lower detection 

level as well as the discrimination of simazine and parathion (Fig. 4.4).  pH 6 and 8 
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showed and intermediate response to the presences of the target (Fig. 4.5 and 4.6). The 

detection capability of the sensor is directly related with the tertiary structure of the 

aptamer and this structure is the result of the conditions in which it was selected. These 

results are consistent with the fact that DNA tertiary structures are pH dependent (Hianik, 

2006). 

Atrazine being one of the most employed herbicides in North America generate concern 

about its presence in water, soil and food. Typical methods of extraction of atrazine from 

samples, involves methanol as the preferred solvent (Goh et al., 1991). To determine the 

effect of methanol in the FP assay, methanol was added at different concentrations until 

any difference was observed. Increasing amounts of methanol were added to the assay in 

increments of 5 %. No effect was observed in the response of the sensor until the reaction 

reached 25% concentration of methanol (Fig. 4.7). Even though the atrazine aptamer 

based bioassay has a relatively high tolerance to methanol it’s unlikely that high 

concentrations of methanol will be present in the sample at the time of the measurements. 

Nevertheless this provides further evidence of the robustness of the bioassay based on 

ssDNA aptamer  even in the presence of methanol.  

 

4.3.3 Protective Antigen Toxin Detection 

Although ELISA type assay have been extensively used in the detection of PA toxin 

(Quin et al., 2002) the use of a FP-aptamer sensor would provide and ideal method for a 

faster diagnostic. Here it is demonstrated the ability of PA-Aptamer-11 to detected 

anthrax Protective antigen toxin when used as the bio recognition molecule in a 
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fluorescence polarization bio-assay. The bioassay showed a highly specific response to 

PA toxin at different concentrations resulting in a lower detection limit of 280 nM (Fig. 

4.8) and the high selectivity of the sensor is demonstrated by the low response to high 

concentration of BSA which was used as a control. To further demonstrate the response 

of the sensor in “real live” situation, the detection of PA toxin was performed in human 

blood plasma. This emulates the practical application of our bioassay in similar manner to 

typical ELISA blood tests, which are performed regularly for PA toxin. The response of 

the assay was determined to be around 300 nM (Fig.4.9). Given the complexity of human 

blood plasma it’s remarkable that the detection limit only increased marginally from 

around 280 nM to around 300 nM. This provides further evidence of the highly 

specificity of the PA Aptamer 11 and its feasibility to be adopted as a biorecognition 

molecule for PA-toxin in other applications. 

In the past the only available molecules for recognition of toxins using fluorescence 

polarization assays were antibodies. Now with aptamer technology rapidly emerging 

aptamers can replace antibodies in many applications and this is particularly true in the 

case of fluorescence polarization assay. 

Aptamers can address many of the issues and concerns of current technology either for 

detection or for therapeutic applications. They could potentially replace antibodies as the 

biorecognition molecule in ELISA type assays as well as other platforms (Flourescent 

polarization, surface plasmon, capillary electrophoresis) with the advantages of 

production, reproducibility and reusability.  As a therapeutic agent against anthrax 

exposure it could provide two key advantages its lack of immune response could allow 
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the multiple usages also the low molecular weight makes it more amenable for aerosol 

treatment. The potential of aptamers for future applications is just beginning to unfold, 

and they could revolutionize detection methods as well as therapeutic applications. 
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FIGURES AND TABLES 

 

Figure 4.1 Results of Fluorescence Polarization of atrazine, simazine and parathion in 

buffer. 
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Figure 4.2 Result of Fluorescence Polarization of atrazine, simazine and parathion in 

Lake Elsinore water without pH adjustment, high pH results in the denaturalization of 

secondary and tertiary structures of ssDNA, rendering the bioassay incapable of detecting 

its target. 
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Figure 4.3 Results of Fluorescence Polarization of atrazine, simazine and parathion in 

Lake Elsinore water adjusted to pH 5, low pH   interferes in the formation of secondary 

and tertiary structures of ssDNA interfering with the binding capacity of the aptamer and 

thus unable to detect atrazine. 
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Figure 4.4 Result of Fluorescence Polarization of atrazine, simazine and parathion in 

Lake Elsinore water with the pH adjusted to 7. Restoring the pH to the level in which the 

selection takes places restores the ability of the aptamer to detect its target, even in a 

complex sample such as the water from Lake Elsinore. 

 

[Target µM] 
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Figure 4.5 Results of Fluorescence Polarization of atrazine, simazine and parathion in 

Lake Elsinore water with the pH adjusted to 6, this pH partially allows the reconstitution 

of the secondary and tertiary structures of the aptamer, which in turn provides some 

response to the targets. 
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Figure 4.6 Results of Fluorescence Polarization of atrazine, simazine and parathion in 

Lake Elsinore water with the pH adjusted to 8 

 

[Target µM] 
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Figure 4.7 Result of Fluorescence Polarization of atrazine, simazine and parathion in 

buffer with methanol, increments of 5% of methanol were added until a statistical 

significant effect was observed which occurred at 25% concentration of methanol. 

Comparison Between 
Buffer and Presence of 25 % Methanol 

[Target µM] 
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Figure 4.8 Detection of the Protective antigen toxin in buffer using the PA Aptamer 11 

BSA was used as control.  
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Figure 4.9 Response of PA-Aptamer-11 to PA-toxin in human blood plasma, here PA-

Aptamer-11 is able to recognize its target even in a complex matrix such as human blood 

plasma having a marginal effect in its lower detection limit from 280 nM to 300 nM. 

[Target nM] 
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Chapter 5: Summary and Conclusions 

This research successfully selected from an artificial ssDNA library two 

sequences with specificity towards two targets, one for the herbicide atrazine with a 

dissociation constant of 890 µM and the second for the Protective antigen toxin one of 

the components of the Bacillus anthracis toxin with a dissociation constant of 112 nM. 

The selection process was carried out by a process called Capillary Electrophoresis 

Systematic Evolution of Ligands by Exponential Enrichment (CE-SELEX), which allows 

the process to take place in solution, bypassing the requirements of target immobilization 

onto a substrate for separation. This streamlines the selection process and widens the 

number of target for which aptamers can be selected.  

These two aptamers were used to construct a bioassay for the detection of their respective 

targets, using fluorescence polarization. 

The atrazine aptamer bioassay was able to detect its target in ideal conditions having just 

a marginal effect on the lower detection limit in water samples from Lake Elsinore. 

In the case of the Protective antigen toxin aptamer bioassay it was able to detect its target 

in a complex matrix such as human blood plasma. 

The technique of fluorescence polarization using antibodies as the bio-recognition 

molecules has been established as a fast, reliable and inexpensive method for detection of 

chemicals in water, soil and food samples (Zhang et al., 2007; Eremin et al., 1994; 

Kolosova et al., 2003).  Replacing antibodies with aptamers as the bio-recognition 

molecules in this assay maintains the speed, reliability and cost, avoiding the use of 

tracers. This increases dramatically the number of targets amenable for this kind of assay. 
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The aptamers developed in this study have shown the ability to bind their respective 

targets with specificity even in complex matrixes such as water samples from Lake 

Elsinore and human plasma. In future studies the aptamers dissociation constants can be 

improved by either employing RNA based aptamers or by recombination techniques 

(Huizenga and Szostak, 1995; Bittker et al., 2002). They can also be used in conjunction 

with nanostructures or other devices to increase their sensitivity (So, 2005; Liu and Lu, 

2006, Dwarakanath, 2004). The potential of the PA aptamer for therapeutic treatment 

could potentially, provide viable alternative to current anthrax exposure treatments. 

The potential for aptamers has just began to be discovered, as time goes by and they 

become widely known they could start replacing antibodies and other molecules in a 

myriad of applications. An example of this is the medication macugen which is an 

aptamer base drugn that prevents macular degeneration, in 2010 it had sales for more 

than 15 million USD (eyetech.com), as new aptamers are developed, novel detection, 

diagnostics and treatments will start to populate the market. 
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