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Abstract 

Fumonisin B1 (FB1) and ochratoxin A (OTA) are agriculturally important 

mycotoxins that have implications in human and animal health. Aptamers are short 

single-stranded oligonucleotides that can be used as molecular recognition elements for 

the sensitive and selective detection of mycotoxins. Aptamers for FB1 and OTA were 

screened using a novel DNase I footprinting assay to characterize their structure and in-

solution affinity. Two minimal binding aptamers for FB1 were identified that retain high 

binding affinity in solution and to a bound target. Progress was made towards 

fluorescence turn-on and turn-off sensors for FB1, utilizing semiconductor quantum dots 

and fluorescein in conjunction with metallic- and carbon-based quenchers. A 

fluorescence nano-aptasensor was developed as a simple paper test, with the capacity to 

detect OTA with a limit of detection between 10 – 100 nM. Rapid, robust aptasensors for 

FB1 and OTA have promising applications for in-field screening of mycotoxin residues 

on crops.  
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1.0   Introduction 

1.1    Mycotoxins 

1.1.1 General Information 

Mycotoxins are secondary metabolites produced by fungi that are known to affect 

human and/or animal health. The ingestion of agriculturally important mycotoxins results 

in a wide range of acute and chronic toxicities in humans and animals.1 For many 

mycotoxins, their toxicities and resulting diseases were known historically before the 

toxic chemical was isolated. Outbreaks of equine leukoencephalomalacia in the 1890’s 

were understood to be associated with the consumption of mouldy maize, now attributed 

to fumonisin toxicity.2  

The fungi that produce mycotoxins include species in the Aspergillus, 

Penicillium, and Fusarium genus. As secondary metabolites, mycotoxins can be 

produced both in field and in storage. Toxin production will be higher on stressed plants 

or under optimal fungal growth conditions, which depend on the interaction of a number 

of conditions including moisture, temperature, and insect stress.3 The main mycotoxins 

are summarized in Table 1.1 below with their associated toxicities and the main crops 

that are contaminated (Table 1.1).  
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Table 1.1 Major mycotoxin classes with representative structures, fungal production, and 

contaminated products.1 AFB1 (aflatoxin B1), OTA (ochratoxin A), FB1 (fumonisin B1), DON 

(deoxynivalenol), ZEA (zearalenone).  

 

 

 

Mycotoxin contamination results in both post-harvest loss in crops (productivity, 

quality, and trade) and negative impacts on human health. Two important mycotoxins, 

fumonisins and ochratoxins, will be discussed further with regards to their toxicity, 

detection, and the challenge of risk management and regulation. An emphasis will be 

placed on fumonisin for introductory purposes, as it is the primary mycotoxin target 

studied and presented.  

 

1.1.2 Fumonisins 

 

Fumonisins are produced by Fusarium verticillioides (formerly F. moniloforme), 

F. proliferatum, F. fujikuroi as well as some uncommon species such as F.anthophilum, 

F. dlamini, F. napiforme and F. thapsinum.4,5 Fumonisins can contaminate rice resulting 
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from infection by F. proferatum and F. fujikuroi.6 However, most fumonisin exposure 

results from consumption of corn affected by the disease Fusarium Kernel Rot. Fusarium 

verticillioides or F. proliferatum occurs systemically in leaves, stems, roots and kernels 

and can be recovered from virtually all maize kernels worldwide including those that are 

healthy.7,8 Fumonsin B2 and B4 are produced by Aspergillus niger. These toxins have 

been found in grapes9 and other dried fruits,10 notably figs,11,12 and in wine.13,14 

Fumonisin B1 (FB1) was isolated in 1988 from F. verticillioides.15 FB1 

(C34H59NO15) has a molar mass of 721.84 g/mol and the IUPAC designation (2S,2’S)-

2,2’-{[(5S,6R,7R,11S,16R,18S,19S)-19-amino-11,16,18-trihydroxy-5,9-dimethylicosane-

6,7-diyl]bis[oxy(2-oxoethane-2,1-diyl)]}disuccinic acid. Fumonisins are produced 

predominantly in warm, dry conditions. Toxin production is also dependent on insect 

stress. Bt-strains of corn with active resistance against lepidopteran pests have shown a 

decreased risk of contamination when FB1 production is induced by manual insect stress 

with European corn borer and Western bean cutworm.16 

The major fumonisins vary by minor structural variations based on the location of 

hydroxyl residues (Figure 1.1).  

  

Figure 1.1 Structures of the major fumonisins  

 FB1 is poorly absorbed by animals and humans, and is excreted mainly in the 

feces unmetabolized or partially hydrolyzed. FB1 is relatively more bioavailable than FB2 

and FB3, and the absorbed portion is distributed predominantly to the liver and 
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kidneys.17,18 In humans, monitoring FB1, FB2, and FB3 from a maize-based diet revealed 

that only 0.5% of the FB1 consumed was excreted in the urine, and FB2 and FB3 were not 

detected. The majority of FB1 was excreted as the parent compound in the urine, or 

partially hydrolyzed in the feces.19  

 FB1 is a potent inhibitor of ceramide synthase (CS) in vivo, binding and blocking 

at the sphinganine and fatty acyl-CoA binding site.1, 20-25 FB1-induced inhibition of CS 

has also been demonstrated in vitro.26 CS inhibition blocks the formation of complex 

sphingolipids, which have endogenous roles as secondary messengers for cellular 

regulation,27 forming binding sites, and maintaining membrane structure28 (Figure 1.2).  

 

Figure 1.2 A simplified representation of the inhibition of ceramide synthase (CS) by FB1. CS 

inhibition will result in a decrease in complex sphingolipid production (ex: sphingomyelin) and a 

buildup of sphinganine.  

 

The changes in sphingolipid metabolism are a mechanism for FB1-induced 

carcinogenesis, effecting cell death and proliferation.24 Inhibition of CS also results in an 

increase in free sphinganine, which is toxic to cells21 and increases the ratio of 
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sphinganine (Sa) to sphingosine (So) as an in vivo biomarker of exposure.23, 29 FB1 

toxicity is reversible upon removal of exposure.22  

Other than FB1, the mycotoxins listed above are stable during food processing. 

Hydrolyzed FB1 (HFB1) or partially HFB1 is produced during the traditional process of 

nixtamalization, used to make tortilla flours. In a study with male Sprague Dawley rats it 

was determined that out of FB1 and the metabolites, only FB1 retained toxicity as 

determined by the Sa:So ratio, indicating that appropriate food processing can help to 

reduce FB1 toxicity.30, 31 N-acyl FB1 is a metabolite that can be formed in vivo localized 

within the liver, as studied in male rats.31  

The endpoint to fumonisin toxicity depends on the animal model being studied. 

The predominant animal toxicities are summarized in the table below, including equine 

leukoencephalomalacia (ELEM) in horses, porcine pulmonary edema (PPE) in pigs, and 

carcinogenicity (hepatic, renal) in rodent models (Table 1.2). 
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Table 1.2  Predominant toxicities associated with FB1 ingestion in animals (horses, pigs, rats, mice) 

Animal Toxicity from 

FB1 ingestion 

Description References 

 

 

Horses 

 

 

ELEM 

 

 

-Neurotoxic disease with liquefactive necrotic 

lesions 

-Known since the 1800’s, 1989-90 large outbreaks  

-Induced by dietary exposure, can be fatal 

-Toxicity at 15-22 mg/kg FB1 

 

 

 

[26, 33-36] 

 

Pigs 

 

PPE 

 

-Acute left-side heart failure resulting in pulmonary 

edema, can be fatal 

-Acute toxicity at >16 mg/kg FB1 

 

 

 

[37, 38] 

 

 

 

 

Rats 

 

 

 

 

Carcinogenicity 

 

-Hepatocarcinogenic to male rat 

-BM (benchmark) LD10 = 0.15 mg/kg bw/day  

 

 

[39] 

 

-Fisher 344 male rats – renal tubule tumors at 50 and 

150 mg/kg FB1, highly malignant  

 

[40, 41] 

 

-Fisher 344 male rats, 25 weeks FB1 at 100 & 250 

mg/kg dietary exposure, liver tumors and oval cell 

proliferation 

-FB1-induced changes in phospholipid and fatty acid 

patterns in a rat liver match well with hepatocyte 

cancer promotion models  

 

 

 

[42, 43] 

 

 

Mice 

 

 

Carcinogenicity 

 

-Long-term FB1 exposure, p53 +/+ and +/- mice, 

showed non-genotoxic mechanism of carcinogenesis 

-Hepatic ademonas and cholarginomas at 150 mg/kg 

FB1 dietary exposure 

 

 
 

[39] 

 

-B6C3F1 female mice, hepatic tumors at 50 and 80 

mg/kg FB1 

 

 

[41] 

 

Differences in the tissue, sex, and species differences for FB1 toxicity can be 

attributed in part to the effects of sphingolipid biosynthesis in each respective species. 

Increased Sa correlates strongly with the highest incidences of tumors.29 The mechanism 

of FB1 carcinogenicity has been shown to be non-genotoxic, and there is strong evidence 

for cancer initiation shown in rodent models and in vitro.39, 41, 44-45  

 In humans, consumption of fumonisin-contaminated food has been linked with an 

increased incidence of a variety of toxic endpoints. FB1 is classified as a Group 2B 
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possible human carcinogen,46 and increased consumption of corn contaminated by FB1 

has been associated with increased risks for esophageal cancer, neural tube and 

craniofacial defects, and sub-acute effects on the immune system and intestinal health. 

The table below summarizes human toxicity of FB1 (Table 1.3). 

 

Table 1.3 Summary of major human toxicity endpoints to FB1 intoxication  

Human toxicity 

linked to FB1 

exposure 

 

Description 

 

References 

 

 

Esophageal 

cancer 

 

-Transkei region (South Africa) had higher incidence of 

esophageal cancer, linked epidemiologically to FB1 

exposure  

 

 

[36, 47-48] 

 

 

 

 

 

Neural tube 

defects (NTDs) 

 

-Neural tube fails to close in final weeks of gestation 

-Inhibition of folate transport induced by changes in 

sphingolipid pathway 

-1990-91 at the Texas border, NTDs incidence doubled; 

increased FB1 exposure was associated with increased 

odds ratio for NTD occurrence 

-Mechanism of FB1-induced NTDs supported by in vivo 

and in vitro evidence  

-In a mouse model, maternal FB1 exposure (20 mg/kg) 

resulted in 79% incidence of NTDs, prevented with 

adequate folate and/or ganglioside glycophospholipid 

(involved in lipid rafts)  

 

 

 

 

 

 

[23, 49-52] 

 

 

 

 

 

Immune effects 

and intestinal 

health 

 

-At sub-acute exposure, FB1 can increase transepithelial 

electrical resistance at intestinal barrier; role in host 

effects to bacteria, parasites, viruses, etc. 

-In vitro evidence in human intestinal and esophageal 

cell lines has shown FB1-induced increased proliferation, 

decreased apoptosis, and increased lipid peroxidation 

 

 

 
 

[53-55] 

 

 

1.1.3 Ochratoxins  

 

In cereals, Penicillium verrucosum is the sole producer of OTA. P. nordicum is 

known to produce OTA on dried salted meats.56, 57 Many species of Aspergillus produce 

OTA. In the section Circumdati, 13 species are good producers of ochratoxin A: A. 

affinis, A. cretensis, A. fresenii, A. muricatus, A. occultus, A. ochraceopetaliformis, A. 
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ochraceus, A. pseudoelegans, A. pulvericola, A. roseoglobulosus, A. sclerotiorum, A. 

steynii and A. westerdijkiae. Some other species are variable producers of this toxin. 

Agricultural products damaged by A. ochraceus, A. steynii and A. westerdijkiae are of 

greatest concern for OTA contamination.58 The geographic distribution of some of these 

species remains unclear. OTA contamination of cocoa, coffee, grapes, and wine results 

from A. carbonarious and some strains of A. niger. These are an important problem 

mainly in warm grape growing areas. The other species in section Nigri that produces 

OTA is A. sclerotioniger (isolates from coffee).59 

OTA is a pentaketide with a molecular mass of 403.8 g/mol. The IUPAC name of 

OTA is L-phenylalanine-N-[(5-chloro-3,4-dihydro-8-hydroxy-3-methyl-1-oxo-1H-2-

benzypyrane-7-yl carbonyl]-(R)-isocoumarin. OTA is a highly stable molecule and is 

fluorescent when excited with blue light.  

The mechanism of action of OTA toxicity has several contributing lines of 

evidence. OTA has been shown to inhibit proteins involved in DNA and RNA synthesis 

which disrupts mitosis, specifically in the proximal tubules of the kidneys, resulting in 

cell death.60 OTA is also implicated in the inhibition of phenylalanine hydroxylase 

activity.61 

OTA has a variety of toxic endpoints due to exposure. The most significant 

toxicity of OTA is nephrotoxicity.62, 63 OTA is rapidly absorbed and distributed mainly to 

the kidney, where it is excreted in the urine after enterohepatic cycling (EHC). OTA is 

also associated with teratogenicity in lab animals,64 immunosuppressive effects,62 and 

neurotoxicity. An IARC report in 1993 classified OTA as a Class 2B possible human 

carcinogen, although the mechanism of carcinogenicity is still under debate.65, 66 A 
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provisional tolerable weekly intake (PTWI) for OTA has been established by JECFA at 

100 ng/kg body weight (bw) based on the most sensitive toxic endpoint, nephrotoxicity in 

pigs.67  

1.1.4 Challenges with detection and regulation of mycotoxins  

1.1.4.1 Analytical detection 

 

Mycotoxin analysis involves many steps, from sampling and sample preparation 

to analytical techniques and validation. Each phase has an associated margin of error and 

there are requirements to meet regulatory guidelines.68 Analytical methods used by 

regulatory enforcement laboratories that implement legislation must adhere to guidelines 

to ensure that the methods are reproducible, accurate, and validated through proficiency 

testing.69, 70 Common methods for mycotoxin analysis include thin layer chromatography 

(TLC), high performance liquid chromatography (HPLC), and enzyme-linked 

immunosorbant assay (ELISA).69 It is important to differentiate methods intended for 

screening versus methods intended for confirmatory testing. Optimally, screening 

methods should be capable of a high throughput and be able to distinguish between a 

negative (<5% false negatives) and a suspect positive. These methods can either be 

quantitative (numerical response) or qualitative (binary response); quantitative screening 

methods are much preferred and recommended.70 Screening methods, such as ELISA, 

can have problems with the rate of false positives.69 This can increase the cost of the 

screening methods, as all positive samples must be sent for confirmatory testing such as 

HPLC-MS/MS.70  

FB1 can be confirmed with HPLC-MS/MS or HPLC-FD. As FB1 is not 

fluorescent, HPLC-FD methods for fumonisin detection use derivitization with o-
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phaldialdehyde and 2-mercaptoethanol.71, 72 Indirect methods for fumonisin 

determination, mainly as screening methods, are becoming more popular, using aptamers 

and antibodies integrated into ELISAs, lateral flow devices (LFDs), and biosensors.72 The 

most widely used technique for OTA determination is HPLC-FD coupled with 

immunoaffinity column (IAC) cleanup. IAC cleanup is important for confirmatory 

detection methods. Although traditionally equipped with antibodies, aptamer-based 

oligosorbent cleanup columns have been studied and show promise for extracting OTA 

from complex sample matrices.73, 74 Other techniques for OTA detection involve 

immunochemical methods (LFDs, ELISAs), and aptamer-based biosensors (mainly 

electrochemical).72 OTA detection is particularly challenging in foods for infants and 

young children due to the low tolerances by regulatory agencies.3  

The emphasis on mycotoxin residue analysis involves incorporating QuEChERS 

(quick easy cheap effective rugged safe) sample preparation, as well as methods for 

multi-mycotoxin analysis in a single method.72 The use of synthetic molecular 

recognition elements (i.e. synthetic antibodies, aptamers) is increasing.75  

 1.1.4.2 Regulation and risk management  

 

Mycotoxin control can be at the level of production or exposure. ‘In-field’ 

approaches to reducing mycotoxin residues include good agricultural practices, genetic 

and transgenic approaches, insect and pest control, and biological control. If products 

have been identified as contaminated, one can treat the products with physical (i.e. 
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sorting) or chemical (i.e. adsorbents, binders, pH) treatments.63, 1 Insect and pest control 

is especially important for reducing aflatoxin and fumonisin contamination on maize.3  

  The European Commission has established maximum tolerable levels (MTLs) for 

several mycotoxins, including aflatoxin, OTA, patulin, deoxynivalenol (DON), 

zearalenone (ZEA), and fumonisins.68 These regulations are based on health effects as 

determined from risk assessments and toxicological endpoints in sensitive animal models. 

However, these MTLs also have a dramatic effect on economics and trade, as they are not 

globally harmonized. Mycotoxin control integrates health, politics, economy, and 

technology.76 Within Canada, maximum limits for natural contaminants in foods, 

including mycotoxins, are established by Heath Canada’s Food Directorate. Mycotoxins 

including DON, aflatoxin, and patulin have MTLs, and proposals for OTA regulations 

are ongoing.   

Generally speaking, the established regulations over mycotoxin residues are 

abided by in developed countries. However, in developing countries, where the biggest 

problems associated with mycotoxin toxicological health effects reside, there is little 

established control or regulation.1, 76 There is a divide between ‘economics and food 

security’ in developing countries, and ‘health and food safety’ in developed countries.   

 Both OTA and FB1 are classified as Group 2B Possible human carcinogens by the 

IARC. Regulations for non-genotoxic carcinogens are based on a no adverse effect level 

(NOEL) from a sensitive animal model with an associated safety factor. The provisional 

maximum tolerable daily intake (PMTDI) of FB1 FB2 and FB3 alone or in combination 

has been established as 2 μg/kg bw, based on the NOEL of 0.2 mg/kg bw (in the most 

sensitive animal model, rat carcinogenesis) and an associated safety factor of 100.77 
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Controversies over the mechanism of carcinogenesis for OTA have implications in 

regulations, as genotoxic carcinogens do not have a threshold level.66 

 Fumonisins present an interesting dilemma in risk management. The PMTDI was 

established at 2 μg/kg bw/day.77 Exposure is based on both the contamination level 

(regulated by the MTL) and the consumption level of the contaminated product. In many 

cases in the developing world, the PMTDI is exceeded due to a very high dietary intake 

of maize.3, 76, 78 Up to 500 g/day of maize is consumed in many developing countries, 

which at a FB1 contamination level of 3 mg/kg results in a daily intake of 25 μg/kg  

bw/day (based on a 60 kg human) which far exceeds the PMTDI of 2 μg/kg bw/day.76 In 

a study in rural Tanzania, 15% of infants (age 6-8 months) were exposed to FB1 above 

the PMTDI.79 Risk can be managed either by: (1) reducing the contamination of maize to 

150 μg/kg (regulated by MTLs), or (2) decreasing the average consumption of maize 

from 43 g/day (max 320 g/day) to 20 g/day. However, enforcing MTLs of 100 – 200 

μg/kg would increase crop rejections and result in socioeconomic disruptions.78 

Additionally, reducing the average maize consumption raises the concern of food 

security.  

 In the USA alone, mycotoxins result in a combined loss of approximately $1 

billion each year through crop losses and health economics.1 However, as exhibited with 

the risk management challenges with fumonisins in developing countries, the true 

challenge in mycotoxin management is at the level of rural and subsistence farmers in 

Africa. The combination of homogenous food consumption patterns and the absence of 

conventional surveillance and regulation of mycotoxins intersect. For this reason, there is 



 13 

an urgent need for rapid, affordable and culturally acceptable interventions for mycotoxin 

residue analysis.1, 80  

Challenges with mycotoxins will be responsive to global shifts in climate, as the 

production of mycotoxins is dependent on optimal temperatures and moisture conditions 

for fungal growth. Warmer temperatures are likely to bring more mycotoxin 

contamination to temperate developed regions, and managing these changes in climate 

and agriculture will be an ongoing challenge.8, 81  

 

1.2 Aptamers 

1.2.1  General Information  

Twenty-five years ago, three independent research groups discovered that nucleic 

acids could perform functions beyond their traditional genetic role.82-84 Ellington and 

Szostak (1990) defined the term aptamer (named for the Greek work ‘aptus’ meaning ‘to 

fit’) describing a short single-stranded oligonucleotide that has affinity and specificity to 

its target, in their case the target being a small organic dye molecule.82 Turek and Gold 

(1990) defined the Systematic Evolution of Ligands by EXponential Enrichment 

(SELEX), the iterative in vitro method for selecting an aptamer that bound to their target, 

T4 DNA Polymerase.83 The first research on the catalytic function of short 

oligonucleotides, DNAzymes, was also published in 1990 by Robertson and Joyce, using 

selective pressure to generate a Group 1 ribozyme that cleaved ssDNA rather than 

ssRNA.84 Unbeknownst to the original research groups that discovered aptamers, nature 

was, as usual, one step ahead. ‘Natural’ aptamers have long pre-existed the discovery of 

their synthetic counterparts, and exist as noncoding RNA and riboswitches that hold key 
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roles in gene expression regulation through their ability to bind with high affinity and 

specificity to small molecules.85  

 The discovery of synthetic DNA and RNA aptamers were dependent on 

advancements in the field of molecular biotechnology. Polymerase chain reaction (PCR) 

was only discovered four years prior to aptamers86 and DNA synthesis was inefficient 

and expensive until a breakthrough in 1983.87  

The field of aptamers is sometimes referred to as ‘functional DNA’ to describe 

the role of short, single-stranded DNA or RNA oligonucleotides that perform a 

recognition or catalytic function. Wilson and Szostak (1999) described this role of DNA 

and RNA as the ‘phenotypic’ role (performing a functional trait) contrary to the 

‘genotypic’ character.88 The unique three-dimensional structure that a single-stranded 

aptamer adopts allows for its high affinity and selectivity as a molecular recognition 

element. Aptamers form thermodynamically stable structures that can include hairpins, 

junctions, pseudoknots, and G-quadruplexes (a quartet of guanine nucleotides binding 

through the Hoogsteen and Watson-Crick binding faces to form a planar binding 

structure).89 Aptamers interact with targets through non-covalent interactions, including 

electrostatic and van der Waals forces, and hydrophobic interactions.90 Most aptamers are 

between 35 – 100 nucleotides long.91  

Aptamers are selected through the in vitro iterative process of SELEX. SELEX 

can be separated into three main steps: (1) Binding of the target to the synthetic library 

(generally ~1015 sequences composed of fixed primer binding regions and a random 

region); (2) Partitioning and elution of binding sequences (approach depends on design of 

SELEX), and; (3) Amplification using PCR based on fixed primer-binding regions 
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incorporated into the synthetic library.90, 92-93 These three basic steps are repeated for a 

number of rounds, generally with increasing stringency and selective pressure, until the 

final pool is sequenced and screened for potential high-affinity aptamer candidates for the 

target.93-94 The principles of SELEX can be adapted for the selection of aptamers for any 

desired target (i.e. small molecules, toxins, proteins, whole cells, etc.).95 SELEX can be 

performed in conditions amenable to the downstream use of the aptamer, such as non-

physiological conditions of pH, temperature and salinity. Counter selections facilitate 

aptamer selectivity, as sequences that bind to undesired targets (i.e. co-contaminants of a 

mixture, or structurally-similar derivatives) can be discarded.  

There are drawbacks to the labour-intensive process of SELEX. The affinity and 

success of the aptamers cannot be determined until the end, adding a degree of 

uncertainty.85 Computational approaches towards the rational design of SELEX pools as 

well as optimizing the length or timing of each round have been edifying.96-97 There is 

also research towards modification of the original library to either increase the structural 

diversity, or to incorporate modified bases to increase nuclease resistance.98-100 

Aptamers have many distinct advantages over their molecular recognition 

counterparts, antibodies. Monoclonal antibodies have had an over two decade head start 

over aptamers, although their use is associated with many drawbacks including: (1) in 

vivo selection (uses animals, limited to non-toxic and immunogenic targets selected under 

physiological conditions); (2) expensive and laborious method of selection; (3) batch-to-

batch variation; (4) susceptibility to irreversible denaturation by heat and a limited shelf 

life.94, 97, 99 Conversely, aptamers can be selected for virtually any target under a range of 

conditions due to the in vitro selection approach. Aptamers often have an affinity 
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comparable to that of antibodies, and have a high degree of specificity as highlighted by 

aptamers that discriminate between very similar targets (i.e. L-arginine vs. D-arginine,101 

and caffeine vs. theophylline (differs by one methyl group).102 Due to their chemical 

synthesis, aptamers can also be homogenously modified with reporter sequences for 

sensing applications.90, 103  

Synthetic aptamers have had a rapid surge since their inception in 1990, and they 

have come to rival antibodies in sensing, diagnostics, and therapeutic applications.85, 89, 95, 

99 Therapeutic applications of aptamers in vivo require modifications of the aptamer 

structure to prevent degradation by endogenous nucleases, generally modifications on the 

phosphate backbone or at the 2’ position on the ribose sugar.85 Aptamers have 

demonstrated growth in the global market where antibodies hold precedent, with their 

application in lateral flow devices as one example.104  

 

 

1.2.2 Measuring aptamer structure and affinity 

 

The dissociation constant (Kd) of an aptamer defines its affinity to the target in 

equilibrium binding conditions. For a more detailed description of Kd, the reader is 

referred to Section 2.2.1. Determining the Kd of aptamer binding is often a limiting factor 

in aptamer development and integration, particularly for aptamers binding to small 

molecules.89 Although the primary sequence of an aptamer is known, characterizing the 

aptamer’s secondary and tertiary structure can be very informative for modulating the 

affinity of an aptamer, i.e. to modify the affinity to fit within a therapeutic range,105 

truncating regions of the aptamer, or for effective labelling of the sequence for use in 

sensing applications. RNA Structure is a webserver that predicts the most 
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thermodynamically stable structure of an aptamer, although it will not predict the 

formation of G-quadruplex motifs.106 Experimental approaches to characterize the 

structure of an aptamer include 13C and 15N labeling of the sequence for NMR analysis107 

and X-ray crystallography.108 Additionally, Lin et al (2011) have used surface plasmon 

resonance (SPR), circular dichroism (CD) and isothermal titration calorimetry (ITC) to 

characterize the types of interactions and aptamer structure adopted by two thrombin-

binding aptamers.109 SPR and ITC determine kinetic and thermodynamic parameters of 

binding, and CD generates conformational data. Aptamers that are well characterized 

tend to be used extensively in proof-of-concept studies for their applications in sensors, 

therapeutics, and imaging. For small molecules, these targets include ATP, cocaine, and 

theophylline; the most widely used protein target for aptamers is thrombin.89, 109  

 

1.2.3 Aptamers for mycotoxins  

 

Aptamers that have been selected for small-molecule mycotoxins are summarized 

in the table below, including their sequence, reported Kd, and general SELEX conditions 

(Table 1.4). OTA has had aptamer selections performed by three independent research 

groups,110-112 FB1 from two groups,113-114 and several aflatoxin aptamer selections have 

been performed.115-117  
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Table 1.4 Aptamers selected for mycotoxins 

 

Mycotoxin 
 

Aptamer 
 

Sequence (5’ – 3’) 

 

Reported Kd 

(nM) (method) 

 

SELEX conditions 
 

Ref. 

 

 

 

 

 

 

 

 

Ochratoxin 

A 

 

 

1.12.2 

 

5’GATCGGGTGTGGGTGGCGTA

AAGGGAGCATCGGACA-3’ 

 

 

49 ± 3 

(equilibrium 

dialysis) 

 

-14 rounds 

-OTA bound to agarose resin 

-N30 random region 

 

 

[110] 

 

A08 

 

5’AGCCTCGTCTGTTCTCCCGGC

AGTGGGGCGAATCTATGCGTAC

CGTTCGATATCGGGGGAGACAA

GCAGACGT-3’ 

 

290 ± 150 

(magnetic bead 

assay) 

 

 

-15 rounds 

-OTA bound to magnetic 

beads (MBs) 

-N40 random region 

 

 

 

[111] 
 

B08 

 

5’AGCCTCGTCTGTTCTCCCGGC

GCATGATCATTCGGTGGGTAAG

GRGGRGGRAACGRRGGGGAAG

ACAAGCAGACG-3’ 

 

110  ± 50 

(magnetic bead 

assay) 

 

H12 

 

5’GGGAGGACGAAGCGGAACCG

GGTGTGGGTGCCTTGATCCAGG

GAGTCTCAGAAGACACGCCCCG

ACA-3’ 

 

96 (magnetic 

bead assay) 

 

 

-14 rounds 

-OTA bound to MBs 

-N30 random region 

 

 

 

[112] 
 

H8 

 

5’GGGAGGACGAAGCGGAACTG

GGTGTGGGGTGATCAAGGGAG

TAGACTACAGAAGACACGCCC

GACA-3’ 

 

130 (magnetic 

bead assay) 

 

 

 

 

Fumonisin 

B1 

 

 

FB139 

 

5’ATACCAGCTTATTCAATTAAT

CGCATTACCTTATACCAGCTTA

TTCAATTACGTCTGCACATACC

AGCTTATTCAATTAGATAGTAA
GTGCAATCT-3’ 

 

100 ±  30 

(magnetic bead 

assay) 

 

-18 rounds 

-FB1 bound to MBs 

-N60 random region 

 

 

[113] 

 

 

F10 

 

5’AGCAGCACAGAGGTCAGATG
CGATCTGGATATTATTTTTGAT

ACCCCTTTGGGGAGACATCCTA

TGCGTGCTACCGTGAA-3’ 

 

62  ±  5 

(magnetic bead 

assay) 

 

-13 rounds 

-FB1 bound to MBs 

-N40 random region 

 

 

[114] 

 

 

Zearalenone 

 

 

8Z31 

 

5’AGCAGCACAGAGGTCAGATG

TCATCTATCTATGGTACATTACT

ATCTGTAATGTGATATGCCTAT

GCGTGCTACCGTGAA-3’ 

 

41 

(magnetic bead 

assay) 

 

-14 rounds 

-ZEA bound to MBs 

-N40 random region 

 

 

[118] 

 

 

T-2 toxin 

 

 

Seq. 16 

 

5’CAGCTCAGAAGCTTGATCCTG

TATATCAAGCATCGCGTGTTTA
CACATGCGAGAGGTGAAGACT

C- GAAGTCGTGCATCTG-3’ 

 

20.8 ± 3.1 (CD) 

 

-10 rounds 

-Free T-2, GO quench non-

binding sequences 

-N40 random region 

 

 

[119] 

 

 

 

 

Aflatoxin 

B1 

 

 

AFAB3 

 

5’ATCCGTCACACCTGCTCTATT

CCTCTGTTGAAGAACCACTTCC

GGAAATAAGAGTGGTGTTGGCT

CCCGTAT-3’ 

 

96.6  ± 8.6 

(magnetic bead 

assay) 

 

-6 rounds 

-AFB1 bound to MBs 

-N36 random region 

 

 

[116] 

 

 

No. 17 

 

5’AGCAGCACAGAGGTCAGATG

CTGACACCCTGGACCTTGGGAT

TCCGGAAGTTTTCCGGTACCTA

TGCGTGCTACCGTGAA-3’ 

 

9.83  ± 0.99 

(magnetic bead 

assay) 

 

-10 rounds 

-AFB1 bound to MBs 

-N40 random region 

 
 

[115] 

 

 

Aflatoxin 

M1 

 

 

AFAS3 

 

5’ATCCGTCACACCTGCTCTGAC

GCTGGGGTCGACCCGGAGAAA
TGCATTCCCCTGTGGTGTTGGC

TCCCGTAT-3’ 

 

35.6 ± 2.9 

(magnetic bead 

assay) 

 

-10 rounds 

-AFM1 bound to MBs 

-N36 random region 

 
 

[116] 

 

 

Aflatoxin 

B2 

 

 

No. 1 

 

5’AGCAGCACAGAGGTCAGATG

GTGCTATCATGCGCTCAATGGG

AGACTTTAGCTGCCCCCACCTA

TGCGTGCTACCGTGAA-3’ 

 

11.39 ±1.27 

(magnetic bead 

assay) 

 

-10 rounds 

-AFB2 bound to MBs 

-N40 random region 

 

[117] 
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1.3 Aptasensors 

1.3.1  Components of an aptasensor 

An aptasensor converts an aptamer-mediated molecular recognition event into a 

sensor through signal production.120-122 Aptamer recognition of a target is either through 

‘outside’ binding with a large protein target, allowing for the possibility of multi-site 

interactions, or ‘embedded’ binding with a small molecule target, usually occurring in a 

1:1 ratio.120, 122  

Signal reporting can be based on a change in physical properties upon target 

binding. For example, a change in mass is converted to a signal through surface plasmon 

resonance (SPR),123 quartz crystal microbalance (QCM),124 surface acoustic wave (SAW) 

sensors,91 and microcantilevers.125 Alternatively, a change in conductance is exploited in 

electrochemical impedance spectroscopy (EIS) sensors.126 Molecular reporters can be 

coupled to the aptamer-target binding event for signal generation. Examples of molecular 

reporters include molecular beacons,127-128 fluorescence resonance energy transfer 

(FRET),129-130 redox-active reporters such as methylene blue,131 and inorganic 

nanoparticles such as gold nanoparticles.132 Additionally, various amplification 

techniques can be used to achieve ultrasensitive detection through either amplification of 

the signal or recycling the target.133 The advantage of using DNA as a molecular 

recognition element is that aptamers come with built in mechanisms for amplification 

(PCR, rolling circle amplification (RCA)),134-136 or digestion with nucleases.130 

Additionally, ssDNA also has many unique adsorptive properties with inorganic 
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nanoparticles and carbon-based nanomaterials which can be used for signal generation, 

amplification, and fluorescence donors and acceptors.133, 137  

Many aptasensors take advantage of aptamers that undergo a structure-switching 

event upon target binding. Nutiu et al (2004) demonstrated ‘structure-switching 

aptamers’ through a molecular beacon-like approach.138 The aptamer is labelled with a 

fluorophore, and a complementary probe is labelled with a quencher. The dsDNA 

complex is quenched, and upon addition of target, the complementary probe will be 

displaced, resulting in an increase in the fluorescent signal. Other approaches can modify 

the structure switching to result in a fluorescence ‘off’ signal, or to modify only 

complementary probes instead of the aptamer.128, 137-139 Either way, the folding and 

conformational change upon target binding can be exploited to generate a signal. 

 

1.3.2 Colourimetric sensors  

 

Antibody-based enzyme-linked immunosorbent assays (ELISAs) use reporter 

enzymes to generate a colourimetric response proportional to the target concentration. 

Similarly, aptamer-based enzyme-linked aptamer assays (ELAAs) or enzyme-linked 

oligosorbent assays (ELONAs) use enzymes such as horseradish peroxidase (HRP) to 

generate a signal upon the aptamer binding to its target. For example, aptamer-

recognition mediated ELAAs / ELONAs have been developed for OTA,112 cocaine140 and 

thrombin.141 Competitive assay formats for ELAAs and ELONAs are more sensitive.112 

When applicable, a sandwich assay can be formed if there are two aptamers for the same 

target, which has been done for thrombin141 and cocaine.140 A chemiluminescence (CL) 
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based aptasensor for ATP, thrombin, and peptide detection uses ABEI-Au colloids (N-

(aminobutyl)-N-(ethylsoluminol)) as a signal reporter.142  

Gold nanoparticles (AuNPs) form a colloidal suspension with unique 

colourimetric properties based on their SPR absorbance. When dispersed, AuNPs form a 

red solution (Absorbance 520 nm), and when aggregated, the absorbance shifts to 650 nm 

and they appear blue-purple in colour.143 AuNPs can be used in aptasensors by coupling 

the aggregation state to aptamer-target binding. The first use of an AuNP-aptamer sensor 

detected two small molecules (cocaine and adenosine) based on target-induced dispersion 

of aptamer-linked AuNPs.144-145 Thrombin, with two aptamers facilitating a sandwich-

like binding design, can be used to initiate target-induced aggregation of AuNPs.146-147 A 

different approach to AuNP based aptasensors uses ssDNA aptamers to stabilize AuNPs 

against aggregation with electrostatic repulsion from the negatively charged DNA 

backbone.137, 148 When the target binds to the aptamer and displaces it from the AuNP 

surface, the suspension is susceptible to salt-induced aggregation and a subsequent rapid 

colour change to detect targets such as OTA132 and cocaine.149  

AuNP colourimetric sensing can also be applied to a lateral flow device (LFD) for 

rapid, on-site, semi-quantitative detection. In a LFD, the aptamer-AuNPs are separated 

along a nitrocellulose membrane; test and control zones are used to confirm the presence 

or absence of the target in a sample. A common design for aptamer-AuNP based LFDs 

uses probe DNA on the membrane test and control zones to immobilize AuNPs for a 

colourimetric response to the target concentration. This design has been used to detect 
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OTA150 and AFB1
151 offering rapid results (< 30 min) and a relatively long shelf life 

without loss of performance (30 days).  

 

1.3.3 Fluorometric sensors 

 

Fluorescence has a lot of promise for aptasensors, particularly for multiplex 

sensors with high sensitivity.91 Fluorometric detection is generally based on fluorescence 

resonance energy transfer (FRET) between a fluorophore (donor) and a quencher 

(acceptor). FRET transfers the non-radiative energy from a donor to acceptor through 

dipole-dipole interactions over a range of ~ 20 nm.152-154 Aptasensors can use FRET to 

develop a ‘turn on’ or ‘turn off’ fluorescent sensor in response to target binding. 

Fluorophores are generally organic fluorophores,127, 130 quantum dots (QDs),155-157 or 

upconversion nanoparticles (UCNPs),153 and quenchers are often metallic nanoparticles 

(AuNPs),155, 158 or carbon-based nanomaterials (carbon nanotubes, graphene).129, 159-160 

Table 1.5 summarizes a selection of aptasensors developed for detecting OTA and FB1. 

For further information on the nanomaterials used in FRET sensing, the reader is directed 

to Section 3.1. 

 

 

1.3.4 Electrochemical sensors 

 

Electrochemical aptasensors represent many of the most sensitive techniques for 

measuring target concentrations based on aptamer recognition. Both electrochemical 

amperometry and voltammetry have a high working range and high sensitivity.161 The 

high sensitivity can be attributed to signal amplification through enzyme-catalyzed target 

recycling, using a ssDNA endonuclease to release the target after aptamer binding to 
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increase the apparent target concentration.134, 162 Electrochemical impedance 

spectroscopy (EIS) has also been used as a signal for small molecule aptamer binding; the 

aptamer is linked to AuNPs on a glassy carbon electrode, and target binding increases the 

electric resistance in a concentration-dependent manner.126 Table 1.5 summarizes a 

selection of aptasensors developed for detecting OTA and FB1 using a variety of 

techniques. 
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Table 1.5 Selection of aptasensors developed for FB1 and OTA. LOD (limit of detection), LDR (linear 

dynamic range) 

Aptasensor design Target (aptamer)Ref LOD (LDR) Reference 

SPR (mass-sensitive) OTA (1.12.2) 110 0.094 – 10 ng/ml [123] 

Microcantilever array 

biosensor 
FB1 (FB139)113 33 ng/ml (0.1 – 40 μg/ml) [125] 

Evanescent wave 

biosensor 
OTA (1.12.2) 110 3 nM (6 nM – 500 nM) [163] 

Colourimetric – ELAA 

with enzyme-signal 

enhancement 

OTA (H8)112 1 ng/ml direct competitive [112] 

Colourimetric (AuNP 

solution, NaCl induced 

aggregation) 

OTA (1.12.2) 110 20 nM (20 – 625 nM) [132] 

Colorimetric – LFD OTA (1.12.2) 110 (0 – 2.5 ng/ml) semi-quantitative [164] 

Fluorescence 

polarization (FP) 
OTA (1.12.2) 110 5 nM [110] 

Fluorometric – LFD OTA (1.12.2) 110 1.9 ng/ml semi-quantitative [165] 

Fluorescence – FRET 

(UCNPs, GO) 

OTA (1.12.2) 110 (0.05-100 ng/ml) 
[129] 

FB1 (FB139) 113 (0.1 – 500 ng/ml) 

Fluorescence  – FRET 

(GO) with catalytic 

target recycling 

OTA (1.12.2) 110 20 nM [130] 

Fluorescence (label-free 

PicoGreen) 
OTA (1.12.2) 110 1 ng/ml (1 ng/ml – 100 μg/ml) [166] 

Fluorescence (label-free 

SG) 
OTA (A08min)111 (9-100 nM) [111] 

Fluorescence (aptamer-

linked QDs-MB 

suspension) 

OTA (1.12.2) 110 5.4 pg/ml (15-100 ng/ml) [157] 

Fluorescence – structure 

switching 
OTA (1.12.2)110 0.8 ng/ml (1-100 ng/ml) 

corn matrix 
[128] 

Fluorescence – FRET 

(UCNPs, AuNPs) 
FB1 (FB139)113 (0.01 – 100 ng/ml) [160] 

Fluorescent (FAM-

labelled probe release 

upon binding) 

OTA (1.12.2) 110 0.25 pg/ml (0.01 – 1 ng/ml) 
[127] 

FB1 (FB139) 113 0.16 pg/ml (0.001 – 1 ng/ml) 

Electrochemical 

(voltammetric signal) 
FB1 (FB139) 113 (0.1 – 500 ng/ml) [134] 

Electrochemical (ECL) 

using target recycling 
OTA (1.12.2) 110 0.64 pg/ml [162] 

Electrochemical 

(Methylene Blue redox) 
OTA (1.12.2) 110 30 pg/ml (0.1 – 20 ng/ml) [131] 

Electrochemical (EIS) FB1 (F10)114 2 pM (0.1 nM – 100 μM) [126] 
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1.4 Thesis objectives 

Aptamer selection (SELEX) has been performed previously for the agriculturally 

important small molecule mycotoxins FB1 and OTA. The existing FB1 and OTA 

aptamers will be characterized using a novel DNase I digestion assay to determine their 

in-solution binding affinity and to derive structural information. From this, minimer 

sequences for FB139 will be designed and tested to characterize regions of the aptamer 

involved in binding. A magnetic bead binding assay will be used to confirm the binding 

affinity of FB139 minimer sequences. Several fluorescent nano-aptasensor applications 

will be tested to exploit the aptamer binding event to generate a signal proportional to the 

mycotoxin concentration. Aptasensors for both OTA and FB1 will be studied with the aim 

of developing a sensitive, selective, and robust sensor for mycotoxins using aptamer-

mediated molecular recognition.  
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2.0 Aptamer optimization  

2.1 Statement of Contributions  

The DNase I assay for OTA aptamers was performed by Nadine Frost and 

McKenzie Smith. 5’-fluorescein modified aptamers for OTA were synthesized by 

McKenzie Smith and Kayla Hill. Nadine Frost performed all other experiments and 

syntheses. DNase I assay analysis of OTA and FB1 aptamers was published in the 

following manuscripts: 

McKeague M., De Girolamo A., Valenzano S., Pascale M., Ruscito A., Velu R., Frost 

N.R., Hill K., Smith M., McConnell E.M., DeRosa M.C. (2015) Comprehensive 

analytical comparison of strategies used for small molecule aptamer evaluation, 

Analytical Chemistry, DOI: 10.1021/acs.analchem.5b02102  

 

Frost N.R., McKeague M., Falcioni D., DeRosa M.C. (2015) An in solution assay for 

interrogation of affinity and rational minimer design for small molecule-binding 

aptamers, Analyst, DOI: 10.1039/c5am01075f 

 

2.2 Introduction 

2.2.1 Binding affinity (Kd) determination 

Generally, the quality of an aptamer is evaluated through its binding affinity, 

depicted by its dissociation constant, Kd. For an aptamer-target interaction, the Kd is an 

equilibrium binding association governed by the proportion of aptamer and target bound 
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in a complex relative to the unbound aptamer and target. This can be depicted as in 

equation [2.1].  

  [2.1]  Kd = 
[𝑎𝑝𝑡𝑎𝑚𝑒𝑟][𝑡𝑎𝑟𝑔𝑒𝑡]

[𝑎𝑝𝑡𝑎𝑚𝑒𝑟+𝑡𝑎𝑟𝑔𝑒𝑡 𝑐𝑜𝑚𝑝𝑙𝑒𝑥]
 

The Kd can also be affected by the kinetics of aptamer binding, notably the ‘on’ 

and ‘off’ rates of aptamer binding, denoted by kon and koff respectively. In this regard, Kd 

can be expressed as in equation [2.2].  

[2.2]  Kd = 
[𝑎𝑝𝑡𝑎𝑚𝑒𝑟][𝑡𝑎𝑟𝑔𝑒𝑡]

[𝑎𝑝𝑡𝑎𝑚𝑒𝑟+𝑡𝑎𝑟𝑔𝑒𝑡 𝑐𝑜𝑚𝑝𝑙𝑒𝑥]
=  

𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
  

There are a multitude of existing techniques for measuring the apparent Kd of 

aptamer-target interactions. Each of these relies on either varying the concentration of the 

aptamer or target, while maintaining a constant concentration of the other. Many of these, 

such as SPR, atomic force microscopy, HPLC, and equilibrium dialysis, are separation- 

or mass-based techniques that rely on the target-aptamer binding event to result in a 

change in mass or mobility of the complex.89, 167 One of the challenges of determining the 

Kd of aptamers for small molecules is that a small molecule binding event is not 

accompanied by a large change in mass. Many techniques that are well suited to small 

molecule aptamer binding rely on tethering either the aptamer or target to a solid support 

(i.e. magnetic bead chromatography), or the inherent fluorescence of the target molecule 

(i.e. fluorescence polarization).89, 142 Steric hindrance introduced by tethering the aptamer 

or target to a solid support will result in the reported Kd not being an accurate 

representation of the Kd of binding in solution. Downstream sensor applications generally 

require aptamers to bind to a target in solution, not covalently bound to a bead or resin 

prior to sensing. A limited number of techniques are available that yield structural and/or 
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thermodynamic information to aptamer interactions with small molecules, such as CD 

and ITC.168-169  

There is a need for rapid screening methods for determining the affinity of in-

solution binding between aptamers and small molecule targets. This will help alleviate 

the bottleneck for aptamer development of many important small molecule aptamers 

important for aptamer-based technology such as diagnostics and biosensor 

development.89  

2.2.2 Aptamer structure and minimer determination 

Characterizing DNA structure is vital to understanding and predicting interactions 

between an aptamer and other molecules.170 The structure of an aptamer is based on 

duplex, triplex, or quadruplex formation between complementary nucleotides within the 

primary sequence. There are several approaches to predict the structure of an aptamer. 

Computational programs, such as RNA Structure, predict the secondary structure of DNA 

or RNA sequences based on thermodynamic parameters and the probability of base pair 

interaction to form the most likely secondary structure.106 This provides a good starting 

point for structure analysis. However, it must be noted that it does not take into account 

interactions with a target molecule, and some parameters that may impact folding (such 

as salinity and pH) are not controlled for. 

A full-length aptamer from SELEX generally contains three regions: (1) the 

region (generally with a high degree of secondary structure) that contacts the target 

directly (10-25 nt); (2) nucleotides with important roles in supporting the regions 

contacting target directly (25-40 nt); and (3) non-essential nucleotides with no role in 

binding.171 It is important to truncate the non-essential regions of the full-length 
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sequence, forming what is referred to as a minimer, or a minimal binding aptamer. Three 

prominent advantages of using a minimer over an aptamer include; (1) the shorter 

minimer sequence is cheaper to synthesize, and cost is less of a barrier for aptamer 

integration into downstream sensor applications; (2) the minimer may contribute to a 

higher affinity than the full length sequence;110, 172 (3) the minimized aptamer may result 

in a more sensitive nanosensing device due to reduced steric hindrance.171 

Designing a minimer can be quite complex and laborious and can be approached 

with many strategies to identify the region(s) of the aptamer critical to binding. The 

simplest approach to shortening the aptamer sequence is to truncate the primer binding 

regions (PBRs), artifacts from the SELEX process that may or may not be important in 

binding, and evaluate the shortened sequence for binding.111 A more laborious but 

informative variation of this approach is to synthesize a suite of short complementary 

oligonucleotides (labelled to facilitate tracking) and evaluate which probes are displaced 

upon target binding, indicating that the region is a site where target binding is favourable 

over probe binding.171 Mutations can also be introduced within the sequence to evaluate 

changes in binding affinity (increased or decreased) in regions within the aptamer to 

determine what motifs are important for binding.172 From a computational approach, 

minimer regions have been derived by identifying consensus sequences or conserved 

regions through a SELEX selection that are important for binding.173 Computational 

modeling has also made progress in predicting sequences that have the highest 



 30 

probability of interacting with a target to build a ‘minimal’ aptamer for a given target.174-

175 

Although there are many techniques for identifying a minimer, they often involve 

very laborious techniques (i.e. screening point mutations within the sequence), require 

advanced programs (i.e. computational approaches), or require a high degree of structural 

understanding of the aptamer-target interaction complex, which is more amenable to 

protein targets than small molecule targets. There is a need for more generalizable, cost-

effective, rapid techniques to derive information on both the structural effects and affinity 

of different regions of an aptamer to identify and screen putative minimer sequences.  

2.2.3 DNase I  

DNase I footprinting is a classical molecular biology technique that was 

developed to characterize the binding of regulatory proteins to DNA. DNase I is an 

endonuclease that cleaves DNA to produce 5’-phosphorlyated di-, tri-, and 

oligonucleotide segments.176 Footprinting assays based on the digestion of genomic DNA 

by DNase I have been used to map protein binding sites on 32P-labeled DNA and 

examine structural changes in the DNA upon protein binding.176 DNA is labelled at one 

terminus for a protection assay. The phosphodiester backbone is protected from DNase I 

cleavage by binding of regulatory proteins, resulting in regions with no fragments. This 

results in a ‘footprint’ of the binding site(s) when DNase I digested fragments are 

separated by gel electrophoresis.177-179 This technique generates structural and 

thermodynamic information relevant to the site(s) of protein interaction. A binding 

isotherm is generated by concentration-dependent protection, allowing for binding 

affinity to be quantified.177 Many variations of DNase I footprinting have been used to 
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improve resolution or obtain sequence specific information for a variety of important 

protein-DNA interactions.180-183 While DNase I footprinting has been used to discern the 

binding sites of aptamers for large targets such as proteins and bacteria,181-183 it is 

unexplored in its capacity to map the secondary structure of aptamers, and to characterize 

the subtle changes in secondary structure that result upon aptamer-target binding. The 

secondary structure of an aptamer facilitates its selective binding to a target. However, 

binding of a small molecule target to an aptamer may not necessarily result in a large 

change in conformation. Therefore, contrary to protein-DNA interactions, small molecule 

target binding would not be expected to mask or protect large portions of an aptamer.184 

As a result, aptamer binding sites arising from small molecules are more difficult to map 

and less understood.   

 A related approach to examine aptamer structure was reported by Burgstaller et al 

(1995). They used chemical probes (DMS, kethoxal, and CMCT) with reactivity at 

various nucleotides within the sequence. Binding of the small molecule target inhibited 

structure probe binding and generated a “footprint” at binding sites in the 32P-labelled 

cDNA. This method was useful for identifying binding sites in aptamers, however one 

drawback is that the chemical probes show bias in their reaction to each nitrogenous 

base.185 Therefore, this method may not be generally applicable to certain nucleotide-rich 

aptamers. It would be advantageous to use a simplified alternative to this approach for the 

facile comparison and screening of aptamers. DNase I digests double stranded DNA with 
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a significantly higher efficiency (~1000x greater) than single stranded DNA. A DNase I 

digestion profile of an aptamer is directly related to its duplex structure.176 

2.3 Chapter Objectives 

The existing FB1 and OTA aptamers will be analyzed using a DNase I digestion 

assay to elucidate in-solution binding affinity and local structural information. FB139 will 

be further characterized and putative minimer sequences, designed with the assistance of 

the DNase I assay, will be screened for affinity to FB1 in solution (DNase I assay).  

2.4 Materials and Methods  

2.4.1 Buffers 

Table 2.1 Buffers used in Chapter 2 

Buffer Composition pH 

 

FB1 binding buffer 
 

100 mM NaCl, 20 nM Tris, 2 mM MgCl2, 5 mM KCl, 1 mM 

CaCl2 

 

7.6 

 

DNase I reaction 

buffer 

 

10mM Tris-HCl, 2.5 mM MgCl2, 0.5 mM CaCl2 
 

7.0 

 

Phosphate 

buffered saline 

(PBS) 

 

137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4 
 

7.4 

 

2.4.2 DNA Synthesis, purification, and quantification 

All aptamers were synthesized on a BioAutomation Mermade 6 oligonucleotide 

synthesizer using standard phosphoramidite chemistry. 1000 Å controlled pore glass 

(CPG) columns were used (BioAutomation), and aptamers were modified with 5’-

fluorescein phosphoramidite (Glen Research). After synthesis, the sequences were 

cleaved from the beads by incubation with 1 ml ammonium hydroxide at 55°C for 3 

hours followed by 21 hours at room temperature. After centrifugation to pellet out the 

beads, the supernatant was transferred to a clean tube. The beads were washed with 1 ml 
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deionized water, centrifuged, and the supernatants were combined and dried overnight on 

a Savant AE2010 SpeedVac. Aptamers were purified by 12% denaturing polyacrylamide 

gel electrophoresis (PAGE). Gel solution (31.5 g urea, 23.5 ml acrylamide 

(acrylamide/bis-acrylamide 40% solution), 15 ml 1x TBE buffer, 14 ml deionized water 

for 2 gels) was heated with stirring to 37°C. The solution was filtered through Whatman 

No. 1 filter paper, and cooled to room temperature. 450 μl 10% ammonium persulfate and 

35 μl TEMED (N,N,N’,N’-tetramethylethylenediamine) were added, and the solution was 

poured between two glass plates with a plastic comb, and polymerized for approximately 

30 minutes. After polymerization, the gels were pre-run for 15 minutes at 300 V using a 

SE 600 Chroma Standard Dual gel electrophoresis unit. DNA samples were dissolved in 

350 μl deionized water and 350 μl formamide, heated at 55°C for 5 minutes, and loaded 

into the gel to run for 100 minutes at 300 V. Gels were visualized with epiUV (excitation 

254 nm) and fluorescence (fluorescein filter) with an AlphaImager Multi Image Light 

Cabinet (Alpha Innotech). The fluorescent band (5’-fluorescein labelled aptamer) was cut 

out of the gel and incubated in 20 ml deionized water at 37°C overnight in a New 

Brunswick Scientific Innova 40 incubation shaker. The solution was filtered through 0.22 

μm cellulose acetate syringe filters to remove gel fragments, and dried on a Labconco 

freezone lyophilizer. The aptamers were then reconstituted in a minimal volume of 

deionized water, and desalted with Desalting Amicon-Ultra 0.5 ml 3 kDa centrifuge 

units. DNA was quantified at 260 nm using a Varian Cary 300 Bio UV-Vis 

spectrophotometer.  
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Table 2.2 DNA aptamers synthesized, F indicates 5'-fluorescein modification 

DNA 
aptamer 

Sequence (5’-3’) 
Length 

(nt) 

FB
1
39 FATACCAGCTTATTCAATTAATCGCATTACCTTATACCAGCTTATTCAATTACGTCTGCACAT

ACCAGCTTATTCAATTAGATAGTAAGTGCAATCT 
96 

FB1_39t3 
FATACCAGCTTATTCAATTAATCGCATTACCTTATACCAGCTTATTCAATTACGTCTGCACAT
ACCAGCTTATTCAATT  

78 

FB1_39t5 
FAATCGCATTACCTTATACCAGCTTATTCAATTACGTCTGCACATACCAGCTTATTCAATTAG
ATAGTAAGTGCAATCT  

78 

FB1_39t3-5 FAATCGCATTACCTTATACCAGCTTATTCAATTACGTCTGCACATACCAGCTTATTCAATT  60 

FB1_39m3 FTTACGTCTGCACATACCAGCTTATTCAATTAGATAGTAAGTGCAATCT  48 

FB1_39m5 FATACCAGCTTATTCAATTAATCGCATTACCTTATACCA  38 

FB1_39cm FCCTTATACCAGCTTATTCAATTACGTCTGCACATACCAGCTTATTCAATT  50 

FB
1
32 FATACCAGCTTATTCAATTAATGTACGATGTGTGGGCAACATGAGTATGTCGTGTGATATC

TAGATGAGGTAGCGGTGGAGATAGTAAGTGCAATCT 
96 

FB1_32t3 
FATACCAGCTTATTCAATTAATGTACGATGTGTGGGCAACATGAGTATGTCGTGTGATATC
TAGATGAGGTAGCGGTGG  

78 

FB1_32t5 
FAATGTACGATGTGTGGGCAACATGAGTATGTCGTGTGATATCTAGATGAGGTAGCGGTG
GAGATAGTAAGTGCAATCT  

78 

FB1_32t3-5 
FAATGTACGATGTGTGGGCAACATGAGTATGTCGTGTGATATCTAGATGAGGTAGCGGTG
G  

60 

FB
1
31 FATACCAGCTTATTCAATTCGGGGACGTGTATACCAGCTTATTCAATTCACAGTTATGTCCT

ATACCAGCTTATTCAATTAGATAGTAAGTGCAATCT 
96 

FB
1
23 FATACCAGCTTATTCAATTGCGGATGCGTAAATGACGATAAACATAGATGGGGTATATCGC

GATGCGACAGGGTGTAGATAGTAAGTGCAATCT  
96 

FB
1
14 FATACCAGCTTATTCAATTCTATACGGAGTGGATATCGATCTGTAACGTGAGTGAGATAAT

GTGATGCATAGTCGTGGAGATAGTAAGTGCAATCT 
96 

FB
1
16 FATACCAGCTTATTCAATTCATCCAGTAACAAACACATAAGTAACGGCGATATGTCAAAGC

GGTATCGGCTACAGATGAGATAGTAAGTGCAATCT 
96 

F10 
FAGCAGCACAGAGGTCAGATGCGATCTGGATATTATTTTTGATACCCCTTTGGGGAGACAT
CCTATGCGTGCTACCGTGAA 

80 

 2-way 
junt’n 

FAAAAAAAACCCCCCCCCCAAAAAAAAAAGGGGGGGGGAAAAAAAAAAGGGGGAAAAA
CCCCC  62 

 3-way 
junt’n 

FAAAAAGGGGGAAAAACCCCCCCCCCCAAAAAAAAAAGGGGGTTTTTTTTTAAAAATTTTT  
60 

 long HP 
bulge 

FAAAACCCCAAGGGGAAAAGGGGAACCCCAAAACCCCAAGGGGAAAAGGGGAACCCCA
AAA  60 

A08 
FAGCCTCGTCTGTTCTCCCGGCAGTGTGGGCGAATCTATGCGTACCGTTCGATATCGTGGG
GAAGACAAGCAGACGT  

80 

A08m FGGCAGTGTGGGCGAATCTATGCGTACCGTTCGATATCGTG 40 

B08 
FAGCCTCGTCTGTTCTCCCGGCGCATGATCATT CGGTGGGTAAGGTGGTGGTAACGTTGG
GGAAGACAAGCAGACGT  

80 

H12 
FGGGAGGACGAAGCGGAACCGGGTGTGG 
GTGCCTTGATCCAGGGAGTCTCAGAAGACACGCCCGACA  

66 

H8 
FGGGAGGACGAAGCGGAACTGGGTGTGG 
GGTGATCAAGGGAGTAGACTACAGAAGACACGCCCGACA  

66 

1.12.2 FGATCGGGTGTGGGTGGCGTAAAGGGAGCA TCGGACA  36 
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2.4.3 Variable-temperature UV-Vis spectroscopy  

Variable-temperature UV-Vis spectroscopy melting studies (Tm determination) 

were performed with a Varian Cary 300 Bio UV-Vis Spectrophotometer equipped with a 

6x6 Peltier-Thermostatted Multicell Holder. For each sequence, 3 ml of 5’-fluorescein 

labelled aptamer was prepared at 2 μM in FB1 binding buffer. Absorbance was monitored 

at 260 nm over three temperature ramps (Ramp 1 80°C - 20°C; Ramp 2 20°C - 80°C; 

Ramp 3 80°C - 20°C). The ramp rate was set at either 0.5°C/min (slow), and 5°C/min 

(fast), with a five minute hold between each temperature change. Melting temperatures 

were determined by fitting the change in absorbance at 260 nm relative to temperature 

using Standard Curves Analysis on SigmaPlot.  

 

2.4.4 DNase I assay  

For clarity, the methods outline the procedure performing the DNase I assay on 

the FB1 aptamers. The protocol was followed for DNase I assay analysis of the OTA 

aptamers as well. OTA was purchased from Sigma Aldrich.  

Prior to each DNase I digestion assay, 10 μl of 50 μM 5’-fluorescein modified 

aptamer and 10 μl FB1 (varying concentrations) were incubated for 30 min on a vortex 

shaker at room temperature. For control tests, the same concentration range was used but 

with an off-target molecule (ie: FB2, OTA, warfarin). FB1 was obtained from Dr. David 

Miller (Chemistry Department, Carleton University). The conditions are summarized in 

Table 2.3 below.  
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Table 2.3 DNase I assay conditions 

 

Sample 

 

[FB1] (nM) 

FB1 volume (μl) 

at various 

concentrations 

Volume DNA 

(50 μM) 

 

DNase I 

volume (μl) 

DNase I 

Reaction 

Buffer 

volume (μl) 

1 0 0 10 0 92 

2 0 0 10 1 90 

3 0.1 10 10 1 80 

4 1 10 10 1 80 

5 10 10 10 1 80 

6 100 10 10 1 80 

7 1 000 10 10 1 80 

8 10 000 10 10 1 80 

 

DNase I (New England BioLabs) was added, briefly vortexed to ensure complete 

mixing, and incubated at 37°C for precisely 1 minute in a heat block. DNase I digestion 

was stopped with the addition of 1 μl of 0.5 M EDTA at 90°C, vortexed to mix, and heat 

inactivated at 90°C for 10 minutes. The samples were mixed 1:1 with formamide and 

heated at 55°C for 5 minutes prior to separation for 3 hours at 300 V on a 19% denaturing 

PAGE gel in a SE 600 Chroma Standard Dual gel electrophoresis unit. Gels were 

visualized with the fluorescent setting (fluorescein filter) in an AlphaImager Multi Image 

Light Cabinet (Alpha Innotech).   

Fluorescent digestion bands were quantified using the SpotDenso program on 

AlphaImager. Each band produced from the digestion was calculated as a ratio relative to 

the entire sample to avoid any errors stemming from loading volume discrepancies. The 

density of each band (A, B, C, etc.) relative to FB1 concentration (log of 0.1 nM – 10 μM) 
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was plotted with GraphPad Prism (version 5.00) using non-linear regression one site 

specific binding [2.3].  

[2.3]    𝑌 =  
(𝐵𝑚𝑎𝑥)(𝑋)

(𝐾𝑑 + 𝑋)
 

To facilitate comparison between replicates from different gels, data was 

standardized to the % of change in band intensity using the following equation [2.4].  

[2.4]   %𝑐ℎ𝑎𝑛𝑔𝑒 𝑏𝑎𝑛𝑑 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = [
[𝑚𝑖𝑛𝑡𝑟𝑖𝑎𝑙 − 𝑥]

𝑚𝑖𝑛𝑡𝑟𝑖𝑎𝑙 − 𝑚𝑎𝑥𝑡𝑟𝑖𝑎𝑙]
] 𝑥 100 

2.4.5 Magnetic Bead conjugation with FB1   

M-270 Amine Dynabeads® (Life Technologies) are superparamagnetic and allow 

for efficient separation of beads from solution when placed in a DynaMag-2 magnet. 

Beads are suspended in PBS buffer at 30 mg/ml and washed three times with buffer, 

separating on the magnet each time. The beads were re-suspended in 5% glutaraldehyde 

(Sigma Aldrich) in PBS buffer, and incubated for 2 hours at room temperature on a 

vortex shaker. Control beads were incubated without glutaraldehyde. The beads were 

again washed three times with PBS buffer, and suspended in 20 μM FB1 in buffer, and 

incubated at room temperature on a vortex shaker overnight. After five buffer washes to 

remove unbound FB1, unbound NH2 groups on the bead surface were capped with a 20 

mg/ml solution of Sulfo-NHS Acetate (Thermo Scientific) in buffer, incubated for two 

hours at room temperature on a vortex shaker. The beads were again washed three times 

with buffer, and stored upright at 4°C.  

2.4.6 Magnetic bead binding assay 

5’-fluorescein modified aptamers were pre-heated at 90°C for 10 min and room 

temperature for > 30 minutes prior to the binding assay. FB1-conjugated beads prepared 
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as above were washed three times in FB1 binding buffer prior to the assay. For each 

assay, six concentrations of aptamer were tested (1x10-6, 5x10-7, 2x10-7, 1x10-7, 5x10-8, 

and 2x10-8 M) in 100 μl total volume of FB1-conjugated beads as prepared above in 

binding buffer. The beads and aptamers were incubated for 60 min at room temperature 

on a vortex shaker. Beads were placed on the DynaMag-2 magnet, and washed four times 

with 100 μl of FB1 binding buffer at room temperature to remove non-binding aptamers. 

Binding sequences were then eluted with three 100 μl FB1 binding buffer elutions by 

incubating at 90°C for 10 min to disrupt binding aptamer. All fractions were quantified 

on a Fluorescence Spectrophotometer (Horiba Jobin Yvon, USA) with SpectrAcq 

controller. Fluorescein-modified aptamer was excited at 494 nm and an emission 

spectrum of 500 – 600 nm was collected. The amount of total aptamer in each wash was 

quantified by comparing the fluorescence intensity of the bound aptamer fractions at 520 

nm to standards of known aptamer concentrations. For each sample (1x10-6, 5x10-7,   

2x10-7, 1x10-7, 5x10-8, and 2x10-8 M) the total amount of aptamer bound was quantified. 

Kd binding isotherms were generated using GraphPad Prism (version 5.00) non-linear 

regression one-site specific binding analysis.  

 

2.5 Results and Discussion 

2.5.1 Preliminary structural analysis and minimer design 

2.5.1.1  FB1 39 and minimers  

FB139 is 96 nucleotides (nt) in length, containing two 18-nt primer binding 

regions (PBRs) and a 60-nt random region from the SELEX pool design. The full-length 

sequence was separated into regions and minimers were synthesized representing a range 
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of lengths and regions within the full length structure.  The FB139 minimers are: 

FB1_39t3 (removing the 3’ PBR, 78 nt), FB1_39t5 (removing the 5’ PBR, 78 nt), 

FB1_39t3-5 (removing the 3’ and 5’ PBRs, 60 nt), FB1_39m3 (3’ stem loop motif, 48 

nt), FB1_39m5 (5’ region, 38 nt), and FB1_39cm (central minimer, 50 nt). The minimers 

are depicted below in Figure 2.1.  

 

Figure 2.1 FB139 minimer regions 

Preliminary structural analysis of FB139 and minimers was performed to 

characterize the aptamers. Variable temperature UV-Vis spectroscopy is an experimental 

technique used to determine the melting temperature (Tm) of an aptamer. A higher 

melting temperature is indicative of a greater stability in structure. Tm is determined by 

measuring the absorbance of the sequence at 260 nm over a range of temperatures. When 
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DNA duplex regions are denatured by heat, they exhibit hyperchromicity and the 

absorbance at 260 nm is increased.  

For FB139 and minimers, the sequences with the highest degree of predicted 

secondary structure from RNA Structure were FB139, FB1_39t5, and FB1_39m3. These 

sequences corresponded with the highest Tms from the thermal melting temperature 

studies, with Tms of 41.0°C, 42.9°C, and 40.9°C respectively. The minimers with lower 

degrees of predicted secondary structure (FB1_39t3, FB1_39t3-5, FB1_39m5 and 

FB1_39cm) corresponded with the lower Tms from the thermal melting temperature 

studies, at 13.3°C, 19.1°C, 27.7°C, and 19.0°C respectively (Table 2.4). 
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Table 2.4 RNA Structure folds and Tm data for FB139 and minimers 

 

2.5.1.2 FB132 and minimers  

FB132 is 96 nt in length, containing two 18-nt primer binding regions (PBRs) and 

a 60-nt random region from the SELEX pool design. The full-length sequence was 

separated into regions and minimers were synthesized.  The FB132 minimers are: 

FB1_32t3 (removing the 3’ PBR, 78 nt), FB1_32t5 (removing the 5’ PBR, 78 nt), and 
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FB1_32t3-5 (removing the 3’ and 5’ PBRs, 60 nt). The minimers are depicted below in 

Figure 2.2.  

 

Figure 2.2 FB1 32 minimer regions.  

For FB132 and minimers, all sequences had a similar degree of secondary 

structure and Tm, indicating that the PBRs were not highly involved in forming the 

secondary structure within the sequence (Figure 2.5).  
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Table 2.5 RNA Structure folds and Tm data for FB132 and minimers 

 

2.5.1.3 FB114, FB116, FB123, FB131 & F10 

FB114, FB116, FB123, and F10 all had similar Tms indicating a similar degree of 

secondary structure within their sequences (37.5°C, 40.4°C, 39.2°C, and 38.4°C 

respectively). FB131 had a slightly lower Tm (27.6°C). The RNA Structure folds of each 

of these sequences had a wide range of secondary structure motifs, from multiple small 

hairpins (FB114) to a long hairpin bulge-like structure (FB116) (Table 2.6).  
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Table 2.6  RNA Structure folds and Tm data for FB114, FB116, FB131, FB123, and F10 

 

 

2.5.2 DNase I assay for determining in-solution structure and affinity of aptamers 

 2.5.2.1 Assay design   

The DNase I digestion assay was designed to study the binding affinity of 

aptamers binding to small molecule targets in solution. The assay design is shown below 

(Figure 2.3). An aptamer is subjected to DNase I, which retains preferential endonuclease 

activity for regions of duplex DNA within an aptamer structure. The DNase I digest of a 

fluorescently labelled aptamer is separated by size on a denaturing PAGE gel. In the 

presence of a range of target concentrations, one can characterize the changes in digestion 

fragment band intensity (lanes B, C) in the presence of a range of target concentrations. 
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From this, an in-solution affinity (Kd) can be calculated for local regions of aptamer 

binding. One can compare the apparent local Kd of binding at various regions within the 

aptamer with this method. For example, if target binding results in stabilization of duplex 

structure in one region, the digestion fragment produced when DNase I digests at that site 

will increase in intensity based on target concentration. Conversely, if target binding 

inhibits DNase I from digesting at one site, similar to a DNase I protection footprinting 

assay, that digestion fragment will decrease in intensity with target concentration. Based 

on this, it is possible to derive multiple apparent Kds for a single aptamer-target 

interaction in solution; this information can be used to optimize minimer design by 

selecting local regions of the aptamer with the highest apparent Kd.  

 

 

 

Figure 2.3 Schematic illustrating the DNase I assay. DNA aptamer with a unique secondary structure 

tagged with 5’-fluorescein, represented by a yellow star. Digestion by DNase I produces fragments 

(fluorescently tagged at the 5’ end) that are separated by size using denaturing PAGE. Only 

fragments retaining the label are visualized on the gel. Undigested full-length DNA with no DNase I 

treatment is shown in lane A, fragmented DNA after DNase I digestion in lane B, and band intensity 

change due to the subtle effects of target binding is shown in lane C.   
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One drawback of this assay is that there is a relatively high degree of error 

associated with the affinity measurements. This is due to the fact that the variations in 

band intensity are subtle with changing target concentration. Regardless, this assay 

allows for a clear distinction of binding vs. non-binding. More importantly, it facilitates 

rapid screening of sequences to determine retention of binding affinity in solution. 

 2.5.2.2 Proof of concept study  

To instill confidence in the structural information that can be derived from the 

DNase I assay, a proof-of-concept study was designed to examine the digestion patterns 

produced by DNase I treatment on sequences with rationally designed secondary 

structure. Three sequences were designed and synthesized with a 5’-fluorescein tag: a 2-

way junction, 3-way junction, and a long hairpin bulge (Section 2.4.2). The prominent 

digestion fragments from the 5’ terminus (fluorescently tagged) from DNase I digestion 

can be separated and visualized by PAGE gel. The hairpin regions in the rationally 

designed structures can be assigned to prominent digestion fragments after DNase I 

digestion (Table 2.7). The lengths of these fragments have been confirmed by comparison 

to a fluorescently tagged DNA ladder (Figure 2.8). Note that DNase I activity is slightly 

less efficient in runs of consecutive A’s or T’s and G-C rich regions due to the narrowing 

of the minor groove and decreased flexibility.176  
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Table 2.7 DNase I digestion fragment patterns of three rationally designed sequences. F = 5’-

fluorescein modification (denoted by a yellow star in the RNA Structure). A green box outlines the 

full-length aptamer sequence (undigested) in the DNase I PAGE gel. Numbers are used to align the 

regions of digestion with the predicted secondary structures.   

 

 2.5.2.3 Fumonisin aptamers 

2.5.2.3.1  FB139 and minimers  

2.5.2.3.1.1 DNase I digestion fragment analyses 

Each FB139 aptamer and minimer was digested by DNase I and run on a PAGE 

gel with a fluorescently-labelled DNA ladder to calculate the approximate lengths of each 

digestion fragment. Through this, the approximate sites of DNase I digestion within each 

aptamer could be determined (Figure 2.4).  
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Figure 2.4 PAGE gel with the DNase I digests of FB139 and minimers compared to a fluorescently 

labelled DNA ladder to calculate approximate lengths of digestion fragments. For each lane, the 

digestion fragment length is indicated in the legend with the corresponding band from the DNase I 

PAGE gel analysis for each aptamer. Fragment lengths were calculated with the Molecular Weight 

function in AlphaImager, AlphaInnotech.  

 

 From this gel (Figure 2.4) the approximate length of “Band E” across each of the 

minimers is determined to be between 34 – 44 nt. The minimer designed to correspond to 

“Band E”, FB1_39m5, is 38 nt in length. Bands B and C are fragments produced by 

digestion within the 3’ stem loop structure. FB1_39t3-5, FB1_39t5 and FB1_39cm share 

a common prominent digestion fragment, “Band D”, approximately 50 nt in length from 

the truncated 5’ terminus. The digestion site to produce “Band D” within these minimers 

corresponds to the same sequence region as “Band B” and “Band C” are digested in the 

non-5’-truncated sequences within the 3’ stem loop hairpin. The region for this shift in 

size in the PAGE gel is that FB1_39t3-5, FB1_39t5 and FB1_39cm all have the 5’ PBR 
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truncated and the same DNase cut will produce a digestion fragment shifted down by 18 

nt (the size of the PBR).  

Many of these prominent digestion bands (E, D, C) are produced consistently in 

regions without a high degree of predicted secondary structure based on the RNA 

Structure analysis. DNase I digestion occurring at these regions is likely due to structure 

that is not predicted by 2D secondary structure predictions. It is also possible that a motif 

within the aptamer structure at this location has a higher propensity for DNase I cleavage 

based on cleavage bias.176  

2.5.2.3.1.2 DNase I assay results  

After 5’-fluorescein labelled aptamers are subjected to DNase I digestion with a 

range of FB1 concentrations, the samples are separated by size on a PAGE gel. Each 

fluorescent band represents a fragment produced from DNase I digestion that is tagged at 

the 5’ terminus.  

The digestion bands for FB139 have been assigned alphabetically (A – L) and the 

corresponding bands within the minimer gels are maintained for clarity. A minimum of 6 

gel replicates for each sequence have been assembled to determine an average Kd for 

each prominent band based on the change in total band intensity due to target 

concentration. In Figure 2.5, panel A indicates the prominent digestion fragments (A-C; 

E; J-K) from FB139 and a representative depiction of the fragment based on estimated 

size from gel migration (Figure 2.4). Panel B shows the average Kd of each prominent 

band within the FB139 digestion profile. The reported Kds ± error are presented in Table 

2.8.  
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Figure 2.5 A) FB139 DNase I digestion PAGE gel. B) Kds of each prominent group of digestion 

fragment bands.  

 

 Within FB139, the most prominent digestion fragment, Band E, also corresponded 

to the Kd with the highest affinity of binding (2.8 ± 2.4 nM). The majority of the bands 

produced by digestion corresponded to digestion within the 3’ region of the aptamer, 

where the majority of the secondary structure was predicted based on RNA Structure and 

experimental Tms (Table 2.4).  

The FB139 minimers are presented below in Figure 2.6. Each panel contains the 

DNase I digestion PAGE gel of FB1_39t3 and resulting Kds for each prominent group of 

 

[FB1] (0 – 10 μM) 

Band E 

Bands B-C 

Bands J-K 

A) 

 

 

B) 
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digestion bands. Panel A: FB1_39t3; Panel B: FB1_39t5; Panel C: FB1_39t3-5; Panel D: 

FB1_39m3; Panel E: FB1_39m5; Panel F: FB1_39cm.  



 52 

 



 53 

 



 54 

 

Figure 2.6 DNase I digestion PAGE gels and Kd results for FB139 minimers. A) FB1_39t3, B) 

FB1_39t5, C) FB1_39t3-5, D) FB1_39m3, E) FB1_39m5, F) FB1_39cm 
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Table 2.8 Summary table of average Kd ± error for each aptamer (FB139 and minimers) for each 

region of the PAGE gel, separated into Top / Middle / Bottom, representing the regions of fragments 

produced as separated by PAGE. N.B. = no binding, indicating band intensity did not consistently 

change with target concentration at this digestion band 

Aptamer 
Avg. K

d
 ± error (nM) 

Top Middle Bottom 

FB1 39  9.6 ± 7.7 41.8 ± 16.3 2.8 ± 2.4  11.6 ± 5.0 

FB1_39t3 15.1 ± 11.5 6.5 ± 4.6 0.9 ± 0.8 

FB1_39t5 3.7 ± 2.8 2.8 ± 2.7 2.0 ± 2.7 

FB1_39t3-5 7.1 ± 5.9 7.6 ± 4.4 2.5 ± 2.2 

FB1_39m3 N.B. N.B. N.B. 

FB1_39m5 6.9 ± 4.6 N.B. N.B. N.B. 

FB1_39cm 0.2 ± 0.2 N.B. 23.3 ± 16.8 

  

From Table 2.8, it can be noted that the “Top” region of digestion bands produces 

the most consistent Kd’s. The shorter minimers (FB1_39m3, FB1_39m5, and FB1_39cm) 

have the least consistent binding; FB1_39m3 retains no affinity to FB1, and FB1_39m5 

only retains affinity in the “Top” digestion band (full minimer). The full length FB1 39 

and longer minimers (FB1_39t3, FB1_39t5, and FB1_39t3-5) retain the most consistent 

binding affinity over all regions of the aptamer. One digestion fragment, Band E, is 

conserved within all of the minimer sequences except FB1_39m3, which did not display 

any affinity. “Band E” displayed the greatest change in intensity with concentration of 

target, and is the most intense band within the PAGE gels. This indicates that there is a 

high propensity of DNase I cleavage at the site producing this fragment and that its 

structure is modified in some way by target binding. The average Kd of Band E in each 

sequence is summarized below (Figure 2.7).  
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Figure 2.7 Average Kd ± error for “Band E” from FB1 39 and all minimers. N.B. indicates no binding 

was observed (not present) 

 

 The minimer FB1_39m5 corresponds to digestion fragment (from the 5’ terminus) 

of Band E, and is 38 nt in length. FB1_39cm is a central minimer designed to surround 

the site of digestion that produces Band E, and is 50 nt in length. FB1_39cm was also 

designed to include the probe region in the 3’ stem loop motif that has been suggested to 
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be involved in FB1 binding in probe-displacement sensor designs127, 160 (Figure 2.1). All 

minimers except for FB1_39m3 displayed low nM affinity for FB1 at this region.   

 

2.5.2.3.2 FB114, FB123, FB131, FB132 & F10 

2.5.2.3.2.1  DNase I digestion fragment analyses 

The FB1 aptamer sequences were digested by DNase I and separated by PAGE 

gel to estimate fragment lengths (Figure 2.8).  

 

 

Figure 2.8 PAGE gel with the DNase I digests of FB114, FB123, FB116, FB131, FB132 and minimers, 

F10, and rationally designed secondary structure sequences. Lane 1 is a fluorescently labelled DNA 

ladder to calculate approximate lengths of digestion fragments. For each lane, the digestion fragment 

length is indicated in the legend with the corresponding band from the DNase I PAGE gel analysis 

for each aptamer. Fragment lengths were calculated with the Molecular Weight function in 

AlphaImager, AlphaInnotech. 
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Similarly, the 5’ PBR-truncated minimers for FB132 (FB1_32t5 and FB1_32t3-5, 

Lanes 4 and 5) display an apparent new digestion fragment of approximately 25 nt, which 

corresponds to a digestion site in the sequence that produces the 48 nt fragment in the 

non-5’-truncated sequence. FB132 has a high degree of predicted secondary structure, 

particularly in its central region. From Table 2.6, the Tms and RNA Structure folds were 

very similar between the full-length structure and minimers.  

 FB114, FB116, and FB131 have very regular increments of predicted secondary 

structure (Figure 2.8), and accordingly their digestion profiles after DNase I treatment 

produce a regular banding pattern (Lanes 7, 8 and 10). F10 has two prominent bands, 

“Band C” and “Band D” that correspond to DNase I cleavage within a region of high 

predicted secondary structure (Figure 2.9 Panel F). 

2.5.2.3.2.2  DNase I assay results  

The FB1 aptamers (FB114, FB123, FB131, FB132, and F10) were analyzed by the 

DNase I assay. The digestion bands for each aptamer have been assigned alphabetically. 

A minimum of four gel replicates for each sequence have been assembled to determine an 

average Kd for each prominent band based on the change in total band intensity due to 

target concentration. The FB1 aptamers are presented below in Figure 2.9. Each panel 

contains the DNase I digestion PAGE gel of the aptamer and resulting Kds for each 

prominent group of digestion bands. Panel A: FB114; Panel B: FB116; Panel C: FB123; 

Panel D: FB131; Panel E: FB132; Panel F: F10.  
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Figure 2.9 DNase I digestion PAGE gels and Kd results for remaining FB1 aptamers. A) FB114, B) 

FB116, C) FB123, D) FB131, E) FB132, F) F10 
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Table 2.9   Summary table of average Kd ± error for each aptamer for each region of the PAGE gel, 

separated into Top / Middle / Bottom, representing the regions of fragments produced as separated 

by PAGE. N.B. = no binding, indicating band intensity did not consistently change with target 

concentration at this digestion band 

Aptamer 
Avg. Kd ± error (nM) 

Top Middle Bottom 

FB1 14 698.6 ± 297.3 25.9 ± 22.3 3.2 ± 3.0 

FB1 16 174.1 ± 14.9 17.2 ± 14.9 311.5 ± 257.7 

FB1 23 170.0 ± 94.8 3.1 ± 3.0 89.9 ± 4.4 

FB1 31 254.4 ± 161.2 8.4 ± 6.7 5.7 ± 4.4 

FB1 32 18.3 ± 13.5 7.8 ± 5.9 5.4 ± 2.6 

F10 61.7 ± 35.8 0.2 ± 0.3 7.9 ± 2.9 

 

 Table 2.9 summarizes the average Kd and associated error for the regions of each 

aptamer (top, middle, bottom). FB114 had the most prominent bands in the middle and 

bottom of the PAGE gel, corresponding the lowest Kd, or highest affinity. Similarly for 

FB116, the most prominent bands in the PAGE gel (H, I) corresponded with the highest 

affinity (17.2 ± 14.9 nM). FB123 and FB131 had the highest affinity of interaction with 

FB1 in the middle and bottom regions of the PAGE gel. Of these FB1 aptamers, FB132 

had the highest affinity of change based on target concentration, with all regions of the 

aptamer associated with low nM affinity. F10 also retained low nM affinity to target over 

all digestion regions, but with less consistency between digestion bands.  

It is interesting to note that for many of the FB1 aptamers examined, the PAGE 

gels of DNase I digestion indicated that a very small fraction of full-length aptamer was 

remaining. For most sequences, with increasing target concentration, the intensity of the 

full-length aptamer increased (particularly for FB132, Figure 2.9 panel E). This suggests 
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that as more target binds to the aptamer, the aptamer is less accessible to DNase I 

digestion suggesting a subtle protection against DNase I by target binding.  

2.5.2.3.3 Summary Kds for FB1 aptamers 

Figure 2.10 below summarizes the average Kds for all bands of each FB1 aptamer 

by DNase I assay. When averaged out between all bands, the aptamers clustered into two 

ranges: low nM affinity (FB139, FB131, FB132, F10) and mid-nM affinity (FB114, 

FB116, and FB123).  

 

Figure 2.10 Summary of overall average Kds ± error for each FB1 aptamer studied  

Further work would be merited to examine the relationship between aptamer 

structure and affinity for this group of FB1 aptamers. The affinities of the aptamers are 
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split into two clusters, mid- and low-nM Kd. There is no obvious distinction between the 

mid- and low-nM binders with regards to their predicted secondary structures or 

experimental melting temperatures.  

2.5.2.3.4 Controls (OTA, FB2) 

FB139 was analyzed by the DNase I assay with two non-FB1 targets as controls 

(Figure 2.11). FB2 is structurally very similar to FB1 and differs by the absence of a 

single hydroxyl residue at the carbon 11 position (Figure 1.1). OTA was chosen as a 

small molecule mycotoxin control. FB2 and OTA were not used as counter-selections 

during the SELEX of FB139.113  

 

 

Figure 2.11 DNase I assay control targets FB2 and OTA indicating the Kd of “Band E” for 

comparison to binding to FB1 

 

FB139 displayed no affinity to OTA and retained a low nM binding affinity to the 

structurally similar FB2 under the conditions of the DNase I assay. Given the close 
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structural similarity between FB2 and FB1, it is not surprising to see high affinity binding 

of FB139 to FB2 in solution.  

2.5.2.4  Ochratoxin aptamers  

OTA aptamers (A08, B08, 1.12, 1.12.2, H8, and H12) were analyzed by the 

DNase I assay. A minimum of two gel replicates for each sequence have been assembled 

to determine an average Kd for each aptamer. The average Kd has been represented by the 

Kd of a prominent fragment band that displayed consistent change in total band intensity 

due to target concentration. The OTA aptamers are presented below in Figure 2.12. The 

predicted secondary structure for each aptamer is shown as determined by RNA 

Structure. It must be noted that RNA Structure does not predict the G-quadruplex motif, 

which is known to be important in binding of 1.12.2 to OTA.110 DNase I activity is also 

known to be slightly less efficient in G-rich regions.176 Each panel also contains the 

DNase I digestion PAGE gel of the aptamer, with a red box highlighting the digestion 

band selected for Kd analysis.  
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Figure 2.12 OTA aptamer analysis by DNase I assay 

All of the OTA aptamers studied displayed binding to OTA in solution when 

measured by this assay with the exception of 1.12.2. It must be noted that a drawback of 

this assay is that it is not compatible with previously minimized aptamers. Essentially no 

cleavage results from the digestion of 1.12.2 with DNase, thus monitoring a change in 

band pattern is not possible. This is likely due to the fact that the previously minimized 

sequence (36 nt) is not accessible to DNase I digestion. Both A08 and B08 have a high 
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degree of predicted secondary structure and accordingly display a large number of 

digestion fragments after DNase I treatment.  

The resulting in-solution Kds from the DNase I assay for each OTA aptamer are 

summarized in Figure 2.13.  

 

Figure 2.13 Kds for the OTA aptamers from the DNase I assay, fit by GraphPad Prism version 5.00 

non-linear regression one-site specific binding.  

 

H8 displays the highest in-solution binding affinity (53.8 nM), H12, 1.12 and A08 

are in the mid-nM range, and B08 is in the high nM range. The OTA aptamers have been 

further characterized by multiple other Kd determining methods suitable for small 

molecules.186 Due to the inherent fluorescence of OTA, more methods are available as 

the target molecule can be easily tracked in an in-solution system. The Kds determined by 

DNase I assay track well with the range of magnitude of Kds from other methods 
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(equilibrium dialysis, ultra-filtration, fluorescence polarization, affinity chromatography, 

SPR, and SYBR Green I) within error and understanding that the method of determining 

Kd will affect the resulting Kd due to changes in many factors, such as tethering either the 

target or aptamer, or buffer conditions.  

 

2.5.3 Magnetic bead binding assay  

2.5.3.1 Assay design 

Magnetic bead affinity chromatography is often used as a screening method of 

putative aptamers after SELEX, particularly in cases where the SELEX is performed with 

target bound to magnetic beads. The scheme of the technique used to evaluate binding 

affinity of FB1 aptamers to a bound FB1 target is shown below (Figure 2.14).  

 

Figure 2.14 Assay design of magnetic bead assay for determining affinity of aptamers to bound target 

 

The affinities of the OTA aptamers studied by the DNase I assay have been 

previously tested with the magnetic bead binding assay, and were therefore not tested 

again. The Kds of the OTA aptamers from the magnetic bead binding assay were: A08 

(286 ± 159 nM), B08 (125 ± 44 nM), H12 (40 ± 14 nM), H8 (14 ± 7 nM), and 1.12.2 (374 

± 255 nM).186  
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2.5.3.2 Binding of FB139 and minimers  

Figure 2.15 below shows the binding affinity of FB139 and four minimers to FB1 

covalently conjugated to magnetic beads. 

 

 

Figure 2.15 Magnetic bead binding affinity of FB1 39, FB1_39t3, FB1_39t5, FB1_39t3-5, and 

FB1_39m3. The reported Kd is the average of three independent replicates.  

 

All aptamers were tested on control beads (free amine groups capped with Sulfo-

NHS Acetate, no FB1 present) and negligible levels of non-specific binding were 

observed. The full-length FB139 aptamer bound with the highest affinity to bound FB1, 

with a Kd of 99 ± 31 nM. This result is very similar to the Kd of FB139 (100 ± 30 nM) 

reported by McKeague et al (2010) using a similar FB1-bound magnetic bead assay.113 

Obtaining essentially an identical Kd value for the full-length aptamer ensues confidence 

to compare the performance of the developed minimers to bound FB1 (Figure 2.15). Of 
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the tested minimers, FB1_39t3 and FB1_39t3-5 had the best affinities (184 ± 43 and 195 

± 45 nM respectively), and FB1_39t5 reported a slightly lower affinity (328 ± 106 nM). 

It can be noted that of all the sequences tested, FB1_39t3 had the highest total bound 

aptamer to the FB1-bound magnetic beads. FB1_39m3 had negligible binding to the FB1-

bound magnetic beads, and no observed affinity. This minimer also displayed no affinity 

to FB1 in the DNase I assay (Figure 2.7). Through comparing both assays to determine 

binding to both in-solution and bound target, it can be concluded that this minimer has no 

affinity for FB1 under the tested conditions. This indicates that, although the 3’-stem loop 

motif may be an important contributor to aptamer binding, it can not bind to FB1 

independently of regions further 5’ downstream of this minimer.  

2.5.3.3  Control aptamer (A08) 

To confirm the binding of the tested aptamers to FB1-bound magnetic beads, a 

control aptamer (A08, with affinity for OTA) was tested under identical conditions 

(Figure 2.16). Some non-specific binding was observed, but no strong affinity was noted.  
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Figure 2.16 A08 control aptamer (with affinity for OTA)111 showing a background level of non-

specific binding to FB1-bound magnetic beads. FB1_39t3 is shown in comparison.  

 

The magnetic bead binding assay is useful for rapid affinity testing of aptamers, 

and is often used as an initial screening method for putative aptamer sequences after 

SELEX if the selection was performed with bead-bound target. However, this assay is 

susceptible to non-specific binding of aptamer to beads, and is limited to measuring the 

affinity of the aptamer to the target covalently bound to a solid support. The increase in 

steric hindrance can affect the apparent affinity. Additionally, this assay is not applicable 

to screening affinity of aptamers for many downstream sensor applications that require 

aptamer recognition in solution to a free target rather than to a bound target.  

 

2.6 Conclusions  

A novel application of a DNase I digestion assay is described, which facilitates 

study of the structure and affinity of aptamers binding to small molecule targets. FB1 and 
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OTA are important small molecule mycotoxins, and aptamers for these two compounds 

were used as model aptamers for the DNase I assay.  

Six putative FB139 minimers were screened with the DNase I assay to cover the 

range of the aptamer structure and determine what regions were imperative to retain 

binding affinity to FB1 in solution. Five of these minimers displayed low nM affinity to 

FB1 in solution, ranging from 78 nt to 38 nt in length. These affinities were compared to 

the results from the well-established magnetic bead assay. FB1_39t3 and FB1_39t3-5 (78 

and 60 nt respectively) displayed comparable high affinity binding to FB1 both bound and 

in solution to the full-length sequence, and would be excellent candidates to integrate into 

downstream sensor applications.  

 Six OTA aptamers were screening with the DNase I assay to facilitate a 

comparison of this technique to other well-established and novel Kd methods that have 

been performed on these aptamers. This assay was shown to not be effective for 

determining the Kd of previously minimized sequences containing a G-quadruplex 

(1.12.2).  

Importantly, this assay is one of the few methods that permits the measurement of 

aptamer–small molecule binding in solution that does not rely on inherent fluorescence 

properties of the target. This makes the method generally applicable to all small molecule 

aptamers and furthermore, provides a more realistic understanding of the aptamer-target 

interaction for downstream sensor applications that would also require free target in 

solution.  
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3.0    Nanoaptasensors for mycotoxins  

 3.1 Introduction 

3.1.1 Quantum dots  

Quantum dots (QDs) are fluorescent semiconductor nanocrystals with unique 

properties that render them useful as probes for imaging and sensing, in addition to many 

other diverse applications. QDs are predominantly composed of CdSe or CdTe 

nanocrystals, and can be coated with high-band gap semiconductor materials such as ZnS 

to achieve enhanced quantum yields.153 QDs are defined by the fact that their diameters 

are less than the Bohr exciton radius and their energy levels are quantized, resulting in a 

very narrow electron band with a long lifetime during photon emission.187 The unique 

size- and shape-tunable optical and electronic properties of QDs can be controlled during 

their synthesis.187 QDs have tunable emission wavelengths that facilitate multi-colour QD 

emissions upon excitation at a single wavelength, making them excellent FRET donors, 

especially in multiplex assays.137, 153, 187-189 QDs have shown superior photostability 

relative to organic fluorophores.153, 187 One challenge for integrating QDs into sensors is 

the need for a hydrophilic coating to maintain the colloidal stability of the nanocrystals 

during use.153 QDs have been shown to undergo fluorescence quenching through 

aggregation190 or through surface disruption by surfactant molecules.191  

 

3.1.2 Gold nanoparticles (AuNPs) 

AuNPs are formed by the reduction of chlorauric acid (HAuCl4) to form a 

colloidal suspension with unique optical properties. AuNPs have strong localized surface 

plasmon resonance (SPR) absorption when incident wavelengths of light cause free 

electron oscillation in their conduction bands. The SPR absorption of AuNPs is distance 
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dependent; dispersed AuNPs absorb at ~ 520 nm and aggregated AuNPs absorb at ~ 650 

nm.137, 188 In sensors, AuNPs are often exploited for their colourimetric response upon 

aggregation (visual red to purple transition). AuNPs can also be used as fluorescence 

quenchers through FRET, acting as fluorescence acceptors.137 Gold nanorods (AuNRs) 

can also be used in this manner, with the added benefit of having two SPR absorptions, 

latitudinal and longitudinal.192  

 

3.1.3 Carbon-based quenchers  

Carbon nanotubes (CNTs) were discovered by Iijima et al (1991) by transforming 

sheets of graphitic carbon into cylindrical tubes using an arc-discharge evaporation 

method.193 Single-walled CNTs (SWCNTs) can be either semiconducting or metallic 

depending on their orientation (i.e. zig zag, armchair). The chemically stable nanotubes 

have a high length to diameter ratio.194 SWCNTs can be used as fluorescence quenchers 

(FRET acceptors) in nanosensors.  

Unmodified (pristine) SWCNTs have high cohesive forces that bundle them 

together limiting their solubility and dispersion in aqueous conditions. Dispersion of 

SWCNTs is achieved by physical means (i.e. sonication in the presence of surfactant), or 

physiochemical covalent modifications (i.e. oxidation by treatment with HNO3). 

Oxidized SWCNTs add functional groups (i.e. COOH, COH) to the carbon matrix, 

converting the modified bonds from sp2 to sp3.195 The dispersion of SWCNTs can be 

monitored and quantified by imaging (TEM, SEM) or spectroscopic techniques. Optical 
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absorptions and emissions in NIR range are most informative for monitoring 

dispersion.196 

Graphene oxide (GO) is an oxidized graphite monolayer that contains dispersed 

nanosheets soluble in aqueous conditions. GO is a highly efficient quencher for use as a 

fluorescence acceptor in FRET sensors.153 Due to its wide range of absorption over the 

fluorescence (i.e. QDs) and luminescence (i.e. UCNPs) spectra, GO is well suited to 

multiple sensors.153  

ssDNA will adsorb to the surface of SWCNTs and GO through π – πstacking, 

bringing fluorophores into close proximity to facilitate quenching.137 ssDNA adsorbs to 

GO and SWCNTs with a much higher efficiency than dsDNA through interactions with 

the exposed nitrogenous bases; desorption is facilitated by adding either an aptamer 

complement or target.197-198  

 

3.1.4 SYBR Green I  

SYBR Green I (SG) is an asymmetrical cyanine dye that interacts with dsDNA to 

emit fluorescence at 520 nm (excitation 497 nm). The structure of SG is shown in Figure 

3.1 below.  



 78 

 

Figure 3.1 SYBR Green I chemical structure: N',N'-dimethyl-N-[4-[(E)-(3-methyl-1,3-benzothiazol-2-

ylidene)methyl]-1-phenylquinolin-1-ium-2-yl]-N-propylpropane-1,3-diamine 

 

SG is used in label-free fluorescence sensors, exploiting the increase in 

fluorescence emission at 520 nm upon intercalation into dsDNA. Generally, this 

approach results in a fluorescence ‘turn off’ sensor, where the addition of a target reduces 

SG fluorescence by displacing a complementary probe from the aptamer to reduce the 

dsDNA character. This approach has been used for aptamer-mediated sensing of small 

molecule (ATP) and protein (thrombin) targets.199-200 A similar approach by McKeague et 

al (2014) exploited the change in dsDNA character of the aptamer upon target binding to 

produce a fluorescence ‘turn-off’ sensor for OTA without the use of a complementary 

probe.111 Other dsDNA-intercalating dyes that have been used in similar approaches, 

including Pico Green, used the same principles of SG intercalation to detect OTA.166 

Additional nucleic acid chromophores can measure aptamer-target interactions including 

ethidium bromide (EtBr), thiazole orange, YOYO, and Hoeschst.200  

 

3.1.5 Paper-based sensing platforms  

The use of paper and paper-like products as an analytical platform is promising as 

an inexpensive, portable, and accessible alternative to solution-based sensing.201 The 
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main areas of paper-based sensing include lateral flow devices (LFDs), dipstick tests, and 

microfluidic paper-based analytical devices (μPADs). Colourimetric detection is 

predominant in paper-based sensors.202  

LFDs, as discussed in Section 1.1.4.1, have been used to detect a range of target 

molecules using aptamer-based molecular recognition, including adenosine,144 cocaine,144 

thrombin,203 mercury,204 glucose,205 and OTA.205 These are predominantly based on the 

colourimetric detection of aptamer-bound AuNPs, immobilized on test and control 

regions of the membrane, with aptamer probes conjugated to the nitrocellulose 

surface.203-205 Zhu et al (2014) designed the strip test with a ‘tree’ design to facilitate 

comparison of standards to the test sample in the same strip, and reduce inter-test 

variability.205  

Paper-based platforms for sensing have been performed on simple printer 

paper,206-207 filter paper,208 or even fabric.146, 209 Zhao et al (2008) applied the classic 

AuNP-aptamer test (measuring dispersion and target concentration based on colour 

change) to a paper substrate to test for DNase I and adenosine targets.208 Similarly, Lee et 

al (2013) detected thrombin through an aptamer sandwich assay with aggregation of 

aptamer-linked AuNPs upon addition of thrombin.146 Other designs have used 

fluorescence (UCNPs, QDs) instead of colourimetric responses to increase the sensitivity 

of the paper-based assay.206-207 

For both LFD and paper-based platforms, it has been reported that the paper-

based assay displayed higher sensitivity (lower LOD) than the analogous solution-based 

test.144, 146 This is likely due to the integrated binding, separation, and detection all 

occurring on a single platform with reduced background interference. Other advantages 
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of paper-based tests are the very small volumes required to operate a test, rapid results, 

and robust sensor design. Advances with cameras, scanners, and strip readers are 

improving the quantitative nature of these assays, offering more promise to tests of this 

nature for use in-field and for point-of-care detection.206, 210   

3.2 Chapter Objectives  

This chapter will investigate various models for incorporating the FB139 

minimers (FB1_39t3 and FB1_39t3-5) from Chapter 2 and an established OTA aptamer 

(A08) into novel nano-aptasensors. Approaches include: (1) linkage-inversion assembled 

nano-aptasensors (LIANAs) utilizing QDs and AuNPs in a FRET pair for sensing FB1 

and OTA in solution and on a paper test; (2) fluorescent ‘turn-on’ sensors with aptamer-

coupled fluorophores (fluorescein, QDs) quenched by carbon-based quenchers for FB1 

detection; (3) label-free fluorescence detection of FB1 based on intercalation of SYBR 

Green I generating a ‘turn off’ fluorescent sensor, and; (4) testing the selectivity and 

performance of FB139, FB1_39t3, FB1_39t3-5 and A08 aptamers in contaminated grape 

samples.  

3.3 Statement of Contributions 

5’-5’ reverse phosphoramidite DNA linkers were purchased from the University 

Core DNA Services, University of Calgary, Calgary AB. Experiments for the 

fluorescence sensor paper test (LIANA) for OTA were conducted by Ranganathan Velu 

and Nadine Frost (Section 3.5.1). Sample preparation for aptamer selectivity and 

performance in a sample matrix (Section 3.5.5) was performed by Annamaria Ruscito 

and Nadine Frost; sample analysis was conducted by Justin Renaud at the Southern Crop 

Protection and Food Research Centre Agriculture and Agri-Food Canada in London, ON. 



 81 

All other experiments were performed by Nadine Frost. LIANA paper-based OTA sensor 

was published in the following manuscript: 

Velu R., Frost N., DeRosa M.C. (2015) Linkage inversion assembled nano-aptasensors 

(LIANAs) for turn-on fluorescence detection, ChemComm, DOI: 10.1039/c5cc06013c 

 

3.4 Materials and Methods  

3.4.1 Buffers 

Table 3.1 Buffers used throughout Chapter 3 

Buffer Composition pH 

FB1 binding buffer 100 mM NaCl, 20 nM Tris, 2 mM MgCl2, 5 mM KCl, 1 mM 

CaCl2 

7.6 

A08 binding 

buffer 

10 mM Na2HPO4, 2 mM KH2PO4, 2.7 mM KCl, 137 mM NaCl 7.4 

PBS buffer 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4 7.4 

MES buffer 10 mM MES 5.0 

Na2PO4 buffer 10 mM Na2PO4 7.0 

Borate buffer 50 mM Borate 9.0 

Citrate buffer 425 mM Citrate 3.0 

HEPES buffer 0.5 M HEPES 7.5 

TBE buffer 89 mM Tris, 89 mM Boric acid, 2 mM EDTA 7.0 

3.4.2 LIANA for OTA (Paper Test) 

3.4.2.1   Aptamers 

5’NH2- and 5’-SH-modified A08 aptamer was purchased from Integrated DNA 

Technologies. 5’-5’ reverse phosphoramidite linker DNA was purchased from University 

Core DNA Services, University of Calgary, Calgary, Alberta.  

A08min sequence:  

5’-NH2-GGCAGTGTGGGCGAATCTATGCGTACCGTTCGATATCGTG-3’  

5’-5’ linker sequence: 3’-AGCAC-(5’-5’)-CACGA-3’ 
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3.4.2.2   Synthesis of gold nanorods (AuNRs) 

The AuNRs used in this study were synthesized by a surfactant-stabilized, seedless 

one-step technique.192 HAuCl4 (20 mM), AgNO3 (0.1 mM), and ascorbic acid (0.1 M) were 

mixed in 10 ml of 0.1 M aqueous cetyl trimethylammonium bromide (CTAB) solution. 40 

ml of 1.6 mM NaBH4 was used as the reducing agent to generate AuNRs. AuNRs were 

purified by centrifugation at 14 000 g for 30 min to remove the excess metal ions and 

CTAB molecules in the supernatant solution for terminating the self-assembly growth. The 

AuNRs (aspect ratio = 3.5) had plasmon absorption peaks around 520 and 650 nm.  

3.4.2.3   Functionalization of AuNRs with SH-aptamer 

3 µl of 230 pM AuNRs were mixed with 1.2 µl of 0.1 μM thiol-modified aptamer 

and incubated on a vortex shaker at room temperature for two hours. In this step, thiol 

groups of the modified aptamer are conjugated onto the terminal edges of AuNRs. AuNRs 

were then washed and the resulting conjugates were collected by centrifugation at 14 000 

g for 30 min and resuspended in A08 binding buffer.  

3.4.2.4   Functionalization of carboxyl-QDs with NH2-aptamer 

5’-NH2-A08 aptamer was conjugated to the carboxyl CdSe/ZnS 525 core/shell QDs 

using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysulfo-

succinimide (Sulfo-NHS) as cross-linking reagents. QDs (920 pM, 5 µl) were mixed with 

0.5 µL of EDC (25eq to carboxyl QDs) and 1.45 µl of Sulfo-NHS (50eq to carboxyl QDs) 

in phosphate buffered saline (PBS, pH 7.4) total volume 450 µl. After shaking for 30 min, 

amine-modified aptamer (0.1 µM, 1.2 µl) was added and placed on a shaker at room 
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temperature for an additional two hours. The resulting samples were centrifuged at 14 000 

g for 20 minutes.  

2.4.2.5   Preparation of OTA-spiked complex extract 

Two grams of each sample (wheat, barley, corn, oats and malted barley) from 

Trilogy Analytical was mixed with 50 ml of deionized water and incubated (with shaking) 

for 10 minutes at room temperature. The mixture was centrifuged for 10 minutes and the 

supernatant was filtered through Whatman 1 filter paper and a syringe filter (PES 0.45 µm, 

30 mm diameter). The clear solution was spiked with OTA to concentrations from 1x10-9 

to 1x10-4 M.  

3.4.2.6   Preparation of LIANA2  

Aptamer-functionalized AuNRs (230 pM, 3 µl) were mixed with aptamer-

functionalized QDs (2.5 µl at 0.460 nM of each CdSe/ZnS and CdTe QDs) and incubated 

for 60 minutes. 5’-5’ reverse phosphoramidite linker DNA was added to 0.2 µM to 

assemble LIANA2.  

3.4.2.7  Paper test 

Three rows of sample zones (~8 mm diameter circles) were prepared on unmodified 

Whatman 41 filter paper. The top row was a control lane of OTA samples.  LIANA2 sample 

(1 µl in A08 buffer) was applied onto the bottom two rows of sample zones and left to dry 

for two minutes. 1 µl of 10-4 – 10-9 M OTA solutions in complex extract were spotted on 

to the top and bottom rows of sample zones.  The middle row of sample zones was spotted 
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with 1 µL of the matrix alone (no OTA). The paper test was then illuminated with a hand-

held UV light (254 nm) and visualized with a Nikon camera (model: D7000). 

 

3.4.3 LIANA for FB1 (solution tests) 

3.4.3.1 DNA synthesis 

Aptamer synthesis was performed following the same methods outlined in 

Chapter 2 (Section 2.4.1) with the following modifications. Aptamers were modified with 

either 5’-NH2 (5’-Amino modifier C6, Glen Research) or 5’-SH (Thiol modifier C6-S-S, 

Glen Research). Correct masses were confirmed by LC-MS. 

 

 

Table 3.2 Sequences of modified aptamers for FB1 LIANA design 

DNA 

aptamer 
Sequence (5’-3’) 

Length 

(nt) 

FB1 39 

5’NH2 

NH2-(CH2)6 -

ATACCAGCTTATTCAATTAATCGCATTACCTTATACCAGCTTATTCAATTACG

TCTGCACATACCAGCTTATTCAATTAGATAGTAAGTGCAATCT 

96 

FB1_39t3 

5’NH2 

NH2-(CH2)6-

ATACCAGCTTATTCAATTAATCGCATTACCTTATACCAGCTTATTCAATTACG

TCTGCACATACCAGCTTATTCAATT  

78 

FB1_39t3-5 

5’NH2 

NH2-(CH2)6- 

AATCGCATTACCTTATACCAGCTTATTCAATTACGTCTGCACATACCAGCTTA

TTCAATT 

60 

FB1 39 

5’-SH 

SH-(CH2)6 -

ATACCAGCTTATTCAATTAATCGCATTACCTTATACCAGCTTATTCAATTACG

TCTGCACATACCAGCTTATTCAATTAGATAGTAAGTGCAATCT 

96 

FB1_39t3 

5’-SH 

SH-(CH2)6-

ATACCAGCTTATTCAATTAATCGCATTACCTTATACCAGCTTATTCAATTACG

TCTGCACATACCAGCTTATTCAATT  

78 

FB1_39t3-5 

5’-SH 

SH-(CH2)6- 

AATCGCATTACCTTATACCAGCTTATTCAATTACGTCTGCACATACCAGCTTA

TTCAATT 

60 
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5’-5’ reverse phosphoramidite linker DNA was ordered from University Core 

DNA Services, University of Calgary, Calgary AB. Synthesis was performed on a 0.2 

µmol scale.  

Table 3.3 5’-5’ DNA linkers for FB1 LIANA 

DNA linker Sequence (5’-3’) Length (nt) 

F8 ACGTTAGA(5'-5')AGATTGCA 16 

F5 TTAGA(5'-5')AGATT 10 

M8 TAAGTTAA(5'-5')AATTGAAT 16 

M5 GTTAA(5'-5')AATTG 10 

 

3.4.3.2 AuNP synthesis and quantification 

98 ml deionized water and 2 ml 50 mM HAuCl4  (Sigma Aldrich) was heated to a 

boil with stirring in a 250 ml Erlenmeyer flask. 10 ml of 38.8 mM sodium citrate (Sigma 

Aldrich) was added and the colour of the solution was monitored from clear to pale 

yellow to purple to wine red. Once the colour was stabilized as wine red, the flask was 

removed from heat, cooled with stirring, and quantified by UV-Vis spectroscopy on a 

CARY 300 spectrophotometer (Varian) with an extinction coefficient of 2.7 x 108 and a 

λmax of 520 nm.  

3.4.3.3 AuNP functionalization with SH-modified aptamer 

SS-DNA to SH-DNA reduction with TCEP (tris-(2-carboxyethyl) phosphine) was 

achieved by dissolving 1x10-10 mol of SS-modified DNA in 100 µl 10 µM TCEP and 

incubating on a shaker at room temperature for 60 minutes. Excess TCEP was removed 

by desalting DNA through Desalting Amicon Ultra 0.5 ml 3 kDa centrifuge units and 

washing with 0.5 ml Milli-Q water twice. Conjugation of SH-DNA to AuNPs was 

achieved by suspending 1x10-10 moles of SH-DNA, as prepared above, in 100 µl AuNPs 
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(11.32 µM). 2.4 µl of 425 mM citrate buffer (pH 3) was added, vortexed to mix, and 

shaken for 3 min at room temperature. 20 µl of 0.5 M HEPES buffer (pH 7.5) was added, 

vortexed to mix, and shaken for 10 min at room temperature. The SH-modified AuNPs 

were centrifuged at 13 000 g for 10 min and the pellet was washed twice with 100 µl 

Milli-Q water, and finally resuspended in 100 µl FB1 binding buffer. The aptamer-

modified AuNPs were stored at 4°C. To confirm conjugation, SH-aptamer was quantified 

on a CARY UV-Vis spectrophotometer (λmax 260 nm) before and after conjugation to 

AuNPs.  

3.4.3.4 Functionalization of carboxyl-QDs with NH2-aptamer 

CdTe/ZnS and CdTe carboxy-quantum dots (QDs) were purchased from 

Molecular Probes Life Technologies. 5 µl of the 8 µM QD solution was diluted to 40 µl 

in FB1 binding buffer. 60 µl 200 nM EDC and 30 µl 200 nM Sulfo-NHS (prepared fresh) 

were added and the solution was incubated on a vortex shaker at room temperature for 15 

min (dark). 1x10-9 mol 5’-NH2 modified aptamer was added, and the solution was 

incubated on a vortex shaker at room temperature for an additional 60 min (dark). 0.6 µl 

ethanolamine was added to quench unreacted NH2 groups, and incubated on the shaker 

for an additional 2 hours (dark). The aptamer-QD conjugates were collected by 

centrifugation (30 min, 14 000 g), washed twice with Milli-Q water, and resuspended in 

FB1 binding buffer. Samples were sonicated at room temperature for 5 min to disperse 

aggregates, and stored at 4°C in the dark. Variations on this procedure included the 

following modifications. Alternate buffers were employed in this procedure to attempt to 

avoid salt-induced aggregation of the QDs (attributed to charge-masking effects). The 

following buffers were used in trials as alternatives to FB1 binding buffer: 



 87 

a) FB1 binding buffer with 50 mM NaCl, pH 7.6 

b) FB1 binding buffer with 10 mM NaCl, pH 7.6 

c) 10 mM MES, pH 7.6 

d) 10 mM Na2HPO4, pH 7.6 

e) 50 mM Borate, pH 9 

3.4.3.5 Agarose gel of carboxyl-QD conjugation 

In a 500 ml Erlenmeyer flask, 2.5 g agarose, 36 ml 5xTBE buffer, and 144 ml Milli-

Q H20 were heated in a microwave for 3 min. The solution was cooled to ~60°C and 10 µl 

of 10 mg/ml EtBr solution was added before casting into the gel apparatus and allowing it 

to set for ~ 30 min. 1xTBE was used as a running buffer. Samples were mixed with 1 µl 

DNA gel loading dye (Life Technologies) and run for 2 hours at 185 V.  

3.4.3.6 Fluorescence measurements  

Fluorescence spectra were recorded on a fluorescence spectrophotometer (Horiba 

Jobin Yvon, USA) with a SpectrAcq controller with an excitation wavelength of 400 nm 

and an emission spectra of 480 – 650 nm (CdTe/ZnS QDs).  

3.4.4 Single walled carbon nanotube (SWCNT) studies  

3.4.4.1 DNA synthesis  

Aptamers used were previously synthesized (5’-fluorescein labelled) and purified 

(Table 2.2).  

3.4.4.2 SWCNT preparation 

SWCNTs were purchased from Sigma Aldrich. Unmodified SWCNTs were 

dissolved in MilliQ H2O at ~ 1 mg/ml and sonicated extensively. The majority of the 

SWCNTs pellet out when the solution was left un-agitated for several hours; the pale 
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yellow supernatant was used as the unmodified SWCNT stock for trial experiments 

without further quantification.  

3.4.4.3 Fluorescence measurements  

Fluorescence measurements of 5’-fluorescein DNA was performed on a 

Fluorescence spectrophotometer (Horiba Jobin Yvon, USA) coupled with a SpectrAcq 

controller with an excitation wavelength of 494 nm and an emission range from 500 – 

600 nm. Efforts were made to maintain consistency of buffer salinity and pH within 

experiments and dilutions to avoid the effects of buffer variability on the fluorescein tag. 

For each experiment, a sample volume of 100 µl was used, and unless otherwise noted 

experiments were performed in FB1 binding buffer. 1 – 2 µl FB139 (5’-fluorescein 

modified) at 1x10-5 M was added to the solution of FB1 in buffer (or buffer control), and 

incubated at room temperature for 20 min. The fluorescence spectrum was recorded 

before and after addition of SWCNTs; after addition of SWCNTs the solution was mixed 

by pipette 10 times and measured directly.  

3.4.4.4 Acid-modification of SWCNTs  

3.4.4.4.1  Procedure  

5.2 mg of SWCNTs were dissolved in 15 ml of 3.18 M HNO3 (diluting 5 ml of 

conc. HNO3 with 20 ml H2O) and placed in a 25 ml round bottom flask equipped with a 

stir bar, hot plate, and condenser. The solution was heated to reflux for 27 hours and left 

for 3 days at room temperature. The grainy black solution was transferred to a 50 ml 

falcon tube and sonicated at room temperature for 60 min, before being transferred back 

to the reflux apparatus and heated to reflux for an additional 24 hours. After cooling, the 
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solution was again transferred to a 50 ml falcon tube and sonicated for 60 min at room 

temperature, resulting in a black solution that, upon settling, separated into a yellow 

supernatant and black aggregated pellet. The supernatant was passed through Spin X 

centrifuge filter tubes with a 0.22 µm cellulose acetate membrane (Corning) for 3 min at 

2000 g. The flow-through was then passed through a 200 nm Millipore filter (1000 g, 

3min) and the retained acid-modified SWCNTs on the filter were subsequently washed 

five times (500 µl MilliQ H2O, 1000g 3 min) until the flow-through wash had a pH > 6.0 

as measured by pH paper. The acid-modified SWCNTs on the filter paper were dried in a 

dessicator overnight. The dried product was weighed and dissolved in MilliQ H2O to a 

concentration of 0.1 mg/ml and sonicated for 90 min at room temperature. The resulting 

solution after settling had a small black pellet and a transparent grey-yellow supernatant. 

3.4.4.4.2   Characterization (TEM, UV-Vis) 

For UV-Vis characterization of the acid-modified SWCNTs, the spectra was 

collected on a CARY 300 UV-Vis spectrophotometer from 800 – 200 nm. For HR-TEM, 

10 µl of the dispersed acid-modified SWCNTs were dried completely on a carbon coated 

copper grid. HR-TEM images were captured on a FEI Tecani F20 FETEM (Chemistry 

Department, Carleton Univeristy).  

3.4.5 Graphene oxide studies 

3.4.5.1   DNA synthesis 

5’-NH2-modified FB139, FB1_39t3 and FB1_39t3-5 was prepared as described 

previously (Table 3.2).  
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3.4.5.2   CdSe/ZnS QDs conjugation with 5’NH2 aptamers  

5 µl of 8 µM carboxyl CdSe/ZnS (Green) quantum dots (QDs) (Life 

Technologies) were activated with 4 µl of 10 mg/ml Sulfo-NHS (Life Technologies) and 

2 µl of 10 mg/ml EDC (Sigma Aldrich) for 30 min in 10 mM MES buffer (100 µl total 

volume) at room temperature. The QDs were centrifuged at 13 000 g for 30 min and the 

pellet was resuspended in 10 mM Na2PO4 buffer with 1 nmol 5’-NH2 modified aptamer. 

After incubation on a vortex shaker for 2 hours to allow for coupling, the aptamer-QDs 

were centrifuged for 30 min at 13 000 g and the pellet was resuspended in 100  µl 10 mM 

Na2PO4 buffer and stored at 4°C.  

 

3.4.5.3  CdTe QDs conjugation with 5’NH2 aptamers 

5 µl of 8 µM carboxyl CdTe (Red) quantum dots (QDs) (Life Technologies) were 

activated with 2 µl of 50 mg/ml Sulfo-NHS (Life Technologies) and 2 µl of 50 mg/ml 

EDC (Sigma Aldrich) for 30 min in 10 mM MES buffer (100 µl total volume) at room 

temperature. The QDs were centrifuged at 13 000 g for 30 min and the pellet was 

resuspended in 10 mM Na2PO4 buffer with 1 nmol 5’-NH2 modified aptamer. After 

incubation on a vortex shaker overnight to allow for coupling, the aptamer-QDs were 

centrifuged for 30 min at 13 000 g and the pellet was resuspended in 100 µl 10 mM 

Na2PO4 buffer and stored at 4°C.  

3.4.5.4  UV-Vis spectroscopy 

UV-Vis spectroscopy (CARY 300 Bio UV-Spectrophotometer) was performed to 

calculate the aptamer coupling efficiency to the QDs. Absorption was monitored at 260 
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nm and the concentration of aptamer was calculated with the respective extinction 

coefficients.  

3.4.5.5  Fluorescence measurements  

Fluorescence measurements were performed with a Fluorolog Horiba Jobin Yvon 

(USA) coupled with a SpectrAqc controller. QDs were excited with a wavelength of 400 

nm. Green-QDs were monitored with an emission range of 480-650 nm and Red-QDs 

were monitored with an emission range of 550 – 750 nm.  3 µl aptamer-QD conjugate as 

prepared above was dissolved in 97 µl buffer. The initial fluorescence was recorded. 

Graphene oxide (2 mg/ml solution, Sigma Aldrich) was added incrementally and 

incubation times were noted. To avoid variation between samples of aptamer-QDs, a 

single sample of aptamer-QD ~50% quenched by graphene oxide was split into two 

samples; a control (H2O) and FB1 addition to monitor fluorescence recovery upon target 

binding after an incubation period of 90 min.  

 

3.4.6 Label-free SYBR Green I sensors for FB1  

3.4.6.1  DNA synthesis 

5’-NH2 modified FB139 was synthesized and prepared as described above (Table 

3.2). cFB1_39t3 was synthesized in the same method as 5’-NH2 FB139, but with no 5’ 

modification. All DNA was confirmed by LC-MS prior to use.  

3.4.6.2  Variable-temperature UV-Vis melting temperature determination 

Variable-temperature UV-Vis spectroscopy melting studies (Tm determination) 

were performed with a Varian Cary 300 Bio UV-Vis Spectrophotometry equipped with a 

6x6 Peltier-Thermostatted Multicell Holder. For each sequence, 3 ml of aptamer (FB139 
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+ cFB1_39t3) was prepared at 2 μM in FB1 selection buffer (Table 3.1). Absorbance was 

monitored at 260 nm over three temperature ramps (Ramp 1 80°C - 20°C; Ramp 2 20°C - 

80°C; Ramp 3 80°C - 20°C). The ramp rate was set at either 0.5°C/min (slow), and 

5°C/min (fast), with a five minute hold between each temperature change. Melting 

temperatures were determined by fitting the change in absorbance at 260 nm relative to 

temperature using Standard Curves Analysis on SigmaPlot.  

3.4.6.3  SYBR Green I fluorescence assay   

Fluorescence measurements were performed with a Fluorolog Horiba Jobin Yvon 

(USA) coupled with a SpectrAqc controller. Each sample had a total volume of 125 μl 

comprised of: 120 μl FB1 in FB1 binding buffer (concentration range from 0 – 1x10-5 M), 

4 μl aptamer (5’-NH2 FB139 alone, or 5’-NH2 FB139 + cFB1_39t3), and 1 μl 10x SYBR 

Green (SG) (SYBR Green I, 10 000x stock, Life Technologies). The mixture was 

incubated for 30 min at room temperature on a vortex shaker prior to fluorescence 

measurement. The excitation wavelength was 497 nm and emission range from 500 – 650 

nm with the SG peak ~ 520 nm.   

 

3.4.7 Aptamer selectivity and performance in a grape matrix  

3.4.7.1  Conjugation of NH2-modified aptamers to magnetic beads 

M-270 Amine Dynabeads® (Life Technologies) were suspended in PBS buffer 

(Table 3.1) and washed three times, separating on the magnet each time. The beads were 

re-suspended in 5% glutaraldehyde (Sigma Aldrich) in PBS buffer, and incubated for 2 

hours at room temperature on a vortex shaker. Control beads were incubated without 

glutaraldehyde. The beads were again washed three times with PBS buffer and 
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resuspended in 1 ml NH2-modified aptamer (10 µM) and incubated overnight at room 

temperature on a vortex shaker. For fumonisin extraction, three aptamer sequences were 

conjugated on separate aliquots of beads, FB139, FB1_39t3 and FB1_39t3-5. For 

ochratoxin extraction, one aptamer sequence, A08, was conjugated onto beads. All DNA 

synthesis was as described in Section 3.4.3.1. After conjugation, the beads were washed 3 

times in PBS buffer (1 ml) and capped with 20 mg/ml Sulfo-NHS Acetate (Life 

Technologies, prepared fresh) incubated with shaking for 2 hours at room temperature to 

block unreacted amine groups. Control beads (no aptamer) were just capped with Sulfo-

NHS Acetate. The beads were washed 3 times (1 ml) with PBS buffer and stored at 4°C.  

3.4.7.2  Fumonisin and ochratoxin extraction from contaminated grapes 

Grapes obtained from the local produce market in Ontario, Canada were selected 

as a natural substrate for Aspergillus welwitschiae and Aspergillus carbonarius producing 

fumonisins and ochratoxin respectively. 6.03 g (A. welwitschiae) and 6.14 g (A. 

carbonarius) were diluted into 15 ml of acetonitrile:H2O:acetic acid 80:18:2 in a 50 ml 

falcon tube and sonicated at 30°C for 60 min to extract fumonisins and ochratoxins 

respectively. Samples were then filtered through a 0.45 µm PES syringe filter to remove 

large particulates, and diluted in buffer (Table 3.1, FB1 binding buffer, A08 binding 

buffer) to obtain 1x 5x and 10x dilutions. Direct grape must samples were obtained by 

diluting the original grape must in buffer and filtering through a 0.45 µm PES syringe 

filter. Dilutions included 90:10 and 50:50 buffer:grape must mixtures from the fully 

concentrated grape must and a 10x dilute grape must solution.   
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3.4.7.3  Aptamer binding studies from direct and extracted grape must  

Grape must ‘extract’ and ‘direct’ samples were dried down in a Savant AE2010 

SpeedVac overnight in 100 µl aliquots at the correct dilution factor and reconstituted with 

100 µl aptamer-modified magnetic beads (prepared as above, suspended in appropriate 

buffer). Samples were incubated on a vortex shaker for 60 min to allow for aptamer-

target binding. Three aliquots of 100 µl buffer were used to wash off non-binding 

components of the grape matrix, separating the magnetic beads with a DynaMag-2 

magnet each time. Compounds that bound to the aptamer were eluted off by heat 

denaturation, with three 100 µl aliquots of buffer incubated at 90°C for 10 min. Fractions 

of bound components were retained for analysis by LC-HRMS2 to determine aptamer 

selectivity and performance in the matrix.  

3.4.7.4  LC-HRMS2 analysis of bound fractions 

Each sample volume was adjusted to 500 µl with MeOH to allow for the bound 

fractions (300 µl) to be compared to the “Before” fractions (100 µl) representing the total 

initial matrix that was incubated with the aptamer. HRMS analysis was performed on a 

Thermo Scientific Q-Exactive Quadrupole Orbitrap Mass Spectrometer, coupled to an 

Agilent 1290 HPLC system. Five µl of each sample was injected onto a Zorbax Eclipse 

Plus RRHD C18 column (2.1 x 50 mm, 1.8 µm; Agilent) maintained at 35˚C. Samples 

were separated using a flow rate of 0.3 mL/min with a mobile phase of water with 0.1% 

formic acid (A), and acetonitrile with 0.1% formic acid (B). Mobile phase B was held at 

0% for 30 seconds, before increasing to 100% over three minutes. B was then held at 

100% for 1 minute before returning to 0% over 30 seconds. The following conditions 

were used for HESI(+): capillary temperature, 400˚C; sheath gas, 17 units; auxiliary gas, 
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8 units; probe heater temperature, 450 ˚C; S-Lens RF level, 45; capillary voltage, 3.9 kV.  

OTA was analyzed in full MS was acquired in positive mode using the following 

settings: scan range, m/z 75 – 1125; resolution, 70,000; AGC, 1e6; max IT, 250 ms. For 

fumonisin analysis, the scan range was moved to m/z 530-870 while resolution and max 

IT were decreased to 35,000 and 128 ms respectively. 

3.5  Results and Discussion 

3.5.1 LIANA (OTA paper test) 

3.5.1.1 Design of LIANA with A08min  

Linkage-inversion assembled nano-aptasensors (LIANAs) were developed as a 

generally applicable approach to target molecule detection based on aptamer-mediated 

recognition resulting in turn-on fluorescence. For the LIANA sensor, A08min was used as 

a 40-nt aptamer that has demonstrated high-affinity binding to OTA.111 As shown in 

Figure 3.2, gold nanorods (AuNRs) are used as quenchers of CdSe/ZnS (green-emitting) 

and CdTe (red-emitting) fluorescent quantum dots (QDs).  The AuNRs and QDs are 

functionalized with A08min aptamer through 5’-SH- and 5’-NH2-modified DNA 

respectively. Introducing the 5’-5’ linker DNA leads to the formation of the nanostructure 

complex resulting in fluorescence quenching through FRET. Upon the addition of OTA, 

the aptamer will preferentially bind to its target and release the 5’-5’ linker strand 

resulting in disassembly of LIANA, and fluorescence recovery.  



 96 

 

 

Figure 3.2 Assay design of linkage-inversion assembled nano-aptasensor (LIANA). AuNRs (red rods) 

and QDs (green and orange circles) are functionalized with A08min and assembled by a 5′-5′ linker 

DNA resulting in the quenching of QD fluorescence “Signal Off”. OTA-induced dispersion of the 

nanostructures leads to a restoration of the fluorescence signals “Signal On”. The 5’-5’ linker DNA 

as shown is able to link together two A08min aptamers, each conjugated to AuNRs (quenchers) and 

QDs (fluorophores) at the 5’-termini through short complementary regions with minimal steric 

hindrance.  

 

The 5’-5’ linker is synthesized into the short DNA strand through the use of 

reverse phosphoramidites during chemical synthesis of DNA. In traditional solid-phase 

DNA synthesis, proceeding in the 3’ to 5’ direction, the 3’-OH links the phosphoramidite 

and the free 5’-OH is protected by a dimethoxytrityl (DMT) protecting group (acid-

labile). In a 5’-5’ reverse phosphoramidite linker, the position of the 5’-DMT protecting 

group and the 3’-phosphoramidite are reversed to produce a 5’-5’ linker at the desired site 

within the DNA strand. The advantage of using a 5’-5’ linker for the short 

complementary strand in the LIANA design is to facilitate rapid assembly of the 

nanostructure while reducing steric hindrance that would be introduced by using a 

traditional 5’-3’ linker strand. A 5’-3’ linker strand composed of the same 

complementary bases without the 5’-5’ linker has been shown to be ineffective in 

assembling the nanostructure (data not shown). A further advantage of the LIANA design 
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is that in order to disassemble the quenched construct to achieve fluorescence recovery, 

only one interaction of aptamer-target needs to occur to disrupt the linker interaction, thus 

increasing overall sensitivity of the construct.  

The conjugation of 5’-SH-modified aptamers to AuNRs occurs preferentially at 

the terminal ends due to the reactive chemistry of AuNRs.192 AuNRs have two surface 

plasmon resonances (latitudinal and longitudinal) that overlap well with the emissions of 

both green-emitting and red-emitting QDs. This lends well to multiplex detection, using a 

unique aptamer sequence for two targets each conjugated to a unique QD fluorescence 

emission to detect two targets in a single sample. Alternatively, two aptamers for the 

same target could be integrated into the same system, possibly expanding the linear range 

or performance conditions of the system.  

It should also be noted that with this design, QD-QD and/or AuNR-AuNR 

assemblies are also possible. Interestingly, these were seen only rarely and can be 

mitigated by thorough mixing of the aptamer-modified component prior to linker addition 

(data not shown).  

3.5.1.2  LIANA paper test to detect OTA in a complex matrix  

The LIANA construct with A08min was applied to a simple, rapid paper-based 

detection system for OTA. The quenched nano-assembly has no fluorescence in the 

absence of OTA. OTA was spiked into a complex extract of wheat, barley, corn, oats, and 

malted barley to stimulate testing conditions in real sample extracts. The paper test was 

performed on an unmodified filter paper, a low cost and accessible substrate for 

downstream use (Figure 3.3).  
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Figure 3.3 LIANA paper test with OTA-spiked complex extract solution. 1 µl of LIANA was spotted 

onto the bottom two rows of sample zones (black circles). The top row was 1 µl of OTA alone (10-4 to 

10-9 spiked in complex extract) to control for any inherent fluorescence of OTA. The middle row 

contains 1 µl of complex extract with no OTA, showing the quenched nano-assemblies. The bottom 

row contains 1 µl of complex extract spiked with OTA (10-4 to 10-9) showing dissembly of the nano-

construct and “turn on” fluorescence. Paper test was visualized under a hand-held UV light (254 nm) 

and imaged with a Nikon Camera D7000.  

 

The paper test for OTA using A08min demonstrates a rapid, portable sensor on a 

simple platform for detection. The visual limit of detection for OTA is between 10 nM – 

100 nM in a complex extract. The regulatory limits for OTA established by the European 

Union range between 0.5 µg/kg (1.24 nM) for food intended for infants and young 

children, and 5 µg/kg (12.4 nM) for unprocessed cereals and coffee beans. A platform 

such as this can be easily integrated with portable imaging technology to quantify the 

fluorescence of each sample zone to achieve more quantitative detection. The potential 

applications for this test involve in-field testing for OTA for screening samples prior to 

being sent away for confirmatory testing. For OTA, the sensitivity of the test could be 

modulated to meet a threshold level to get a simple “yes / no” response for regulations. 
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Sensitivity can be modulated in this design by modifying the aptamer used (selecting an 

aptamer that binds OTA under the desired conditions within the range of detection), and 

adapting the length of the 5’-5’ linker DNA (a longer linker would decrease sensitivity of 

the test).  

3.5.2 LIANA (FB1 detection in solution) 

3.5.2.1 Aptamer conjugation with AuNPs  

Citrate-capped AuNPs were synthesized and quantified by UV-Vis at a 

concentration of 11.32 nM. 5’-SH-modified aptamers were conjugated to AuNPs using 

the pH-assisted method, and UV-Vis spectroscopy was used to quantify the amount of 

aptamer bound to the AuNPs (~ 80 pmol aptamer bound to 100 pmol AuNPs). Aptamer-

functionalized AuNPs were resuspended in FB1 binding buffer and no colour change or 

aggregation was noted, due to the bound aptamer. Control reactions with no aptamer 

present aggregated upon suspension in buffer.  

Carboxyl-QDs and 5’-NH2-modified aptamer were conjugated through EDC  / 

Sulfo-NHS coupling chemistry. The EDC crosslinker forms an unstable o-acylisourea 

intermediate that futher reacts with Sulfo-NHS to form an amine-reactive Sulfo-NHS 

ester that can then react with a primary amine to form a stable amide bond conjugate 

(Figure 3.4).  
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Figure 3.4 EDC / Sulfo-NHS conjugation chemistry to link carboxyl-modified QDs and amine-

modified aptamer. Source: www.lifetechnologies.com 

 

For the QD-aptamer conjugation reactions under all conditions, no difference in 

aptamer concentration was noted between the “before” and “after” conjugation fractions 

indicating that negligible coupling of aptamer to QDs was achieved. Trials of QD-

aptamer conjugation were conducted in a series of buffers to aim to prevent salt-induced 

charge shielding and subsequent aggregation of QDs. The buffers included in the trials, 

all with no consistent success in coupling as determined by UV-Vis quantification of 

aptamer, included: (1) water; (2) FB1 binding buffer; (3) FB1 binding buffer with 50 mM 

NaCl; (4) FB1 binding buffer with 10 mM NaCl; (5) 10 mM MES buffer for EDC and 

Sulfo-NHS activation followed by 10 mM Na2PO4 buffer for NH2-modified aptamer 

coupling; (6) 50 mM borate buffer pH 9. The highest coupling efficiency was noted for 

FB1_39t3-5 with buffer conditions (5) as above, with a 10% efficiency of aptamer 

conjugation to QDs.  

An agarose gel monitored the DNA between the fractions. A sample agarose gel 

from the MES / Na2PO4 conjugation reaction is shown in Figure 3.5, with both NH2-
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modified FB1_39t3 and A08 aptamer (as a control). 

 

Figure 3.5 Agarose gel of fractions for QD-aptamer conjugation trials visualized with the 

fluorescence filter, AlphaImager. Pellet fractions include the QDs collected by centrifugation; 

supernatant fractions were collected directly after centrifugation.  

 

For both FB1_39t3 and A08 conjugation reactions, the majority of the aptamer 

was recovered in the supernatant (Lane 5, Lane 11 Figure 3.5) indicating negligible 

amounts were coupled to the QDs (Lanes 3, 4, 9, and 10 Figure 3.5).  The QDs, both 

alone and in the ‘pellet’ fractions, exhibit streaking through the agarose gel, possibly 

indicating aggregation in the ‘pellet’ fractions and ‘alone’ fractions disrupting the 

separation of QDs into a clear fluorescent band. When stained by EtBr, no DNA was seen 

in the ‘pellet’ fractions, further confirming that negligible aptamer coupling to QDs was 

achieved (data not shown). Troubleshooting efforts including modifying the buffer 

composition and using fresh conjugation reagents (EDC, Sulfo-NHS) were unsuccessful. 

Trials were continued in the hope that low amounts of aptamer coupling may have 

occurred and could maintain a low degree of LIANA assembly. 
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3.5.2.2  5’-5’ linker quenching trials and controls  

Assembly of the LIANA is driven by the addition of the short, 5’-5’ linker DNA. 

For FB139, two linkers were used (Table 3.3); F8 has an 8-nt complementary region 

linking each aptamer, and F5 has a 5-nt complementary region. For FB1_39t3 and 

FB1_39t3-5, equivalent linkers were designed to be complementary for the minimized 

aptamers, designated M8 and M5. Upon addition of the linker DNA, the AuNP-aptamer 

and QD-aptamer should be assembled into close proximity for FRET quenching of the 

QD fluorescence by the AuNP. With the longer complementary regions, it would be 

expected that F8 and M8 quench at a faster rate than F5 and M5.  

Initial quenching trials aimed to characterize the quenching efficiency of the 8-nt 

and 5-nt complementary linker strands with each assembly of FB139, FB1_39t3 and 

FB1_39t3-5 functionalized QDs and AuNPs. The first set of trials were from an aptamer-

QD conjugate reaction (EDC, Sulfo-NHS) performed in water and resuspended in FB1 

binding buffer prior to use. Figure 3.6 shows the quenching for each of FB139, FB1_39t3 

and FB1_39t3-5 quenched through sequential addition of linker (F8/F5 and M8/M5).  
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Figure 3.6 Quenching trials of FB139, FB1_39t3 and FB1_39t3-5 with addition of 5’-5’ linker DNA  

 

The rate of quenching between M8 and M5 linker was further explored with the 

FB1_39t3 assembly (Figure 3.7). For this trial, and the remainder of the trials, the 

aptamer-QD conjugations were performed in 10 mM MES and 10 mM Na2PO4 buffers. It 

was observed that the rate of quenching for M8 and M5 was relatively similar, which is 
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counterintuitive to the assumption that a longer region of complementarity in the linker 

region would result in more efficient quenching.  

 

Figure 3.7 Comparison of quenching with M8 and M5 linker for QD-FB1_39t3-AuNP LIANA 

assembly 

 

As the 5’-5’ linker quenching was not consistent with what was expected, controls 

were tested to identify if the quenching observed was due to LIANA assembly or other 

factors. First, FB139-QD and unmodified AuNPs were tested with the addition of F8 

linker DNA. Secondly, unmodified QDs and FB139-AuNPs were tested with the addition 

of F8 linker DNA. In both of these controls, the addition of linker DNA should not result 

in significant quenching as one of the constructs does not have the aptamer to link 

together the assembly (Table 3.4) 
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Table 3.4 Fluorescence emission at 530 nm and the resulting % quenching of FB139-QD and 

unmodified AuNPs with the addition of F8 linker DNA, and unmodified QDs and FB139-AuNPs with 

the addition of F8 linker DNA 

[F8] linker Em. 530 nm % quenching 

FB139-QD, unmodified AuNP 

0 265688 0 

1.75 nM 302491 -13.8 

5.25 nM 71610 73.0 

3.5 μM 65294 75.4 

Unmodified QD, FB139-AuNP 

0 237861 0 

3.5 μM 145185 38.9 

 

Both controls, with no aptamer on the QD and no aptamer on the AuNP, exhibited 

quenching in the presence of M8 linker DNA (Table 3.4). The unmodified AuNP control 

quenched to ~75% with 3.5 μM M8 linker; unmodified QD control quenched to ~39% 

with 3.5 μM M8 linker.  

 Further trials were tested with the FB1_39t3 LIANA components. Both 

unmodified AuNPs and QDs, the absence of AuNPs, and the absence of M8 linker DNA 

were assessed (Table 3.5). All trials with M8 linker used a constant concentration of 

linker DNA to reduce variables.  
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Table 3.5 Trials eliminating components of the LIANA construct using FB1_39t3 as a model, 

eliminating both the aptamer-functionalization on the QDs and AuNPs, the AuNPs, and the M8 

linker DNA and quantifying the amount of fluorescence quenching observed (at 530 nm) under each 

set of conditions.  

LIANA components 
% Fluorescence 

(530 nm) 

QD AuNP Conc. M8 Linker  

FB1_39t3-QD FB1_39t3-AuNP 7 nM 83% 

FB1_39t3-QD AuNP 7 nM 61% 

FB1_39t3-QD 0 7 nM 38% 

QD 0 0 nM 50% 

FB1_39t3-QD FB1_39t3-AuNP 0 nM 51% 

A08-QD FB1_39t3-AuNP 7 nM 45% 

 

Quenching to 83% fluorescence was observed with the apparent full LIANA 

construct (FB1_39t3-QD, FB1_39t3-AuNP, and M8 linker). Removing the aptamer from 

the AuNPs resulted in quenching to 61% of fluorescence. Removing AuNPs completely 

quenched further to 38% of the original fluorescence. Unmodified QDs in the absence of 

AuNPs or linker DNA quenched to 50% fluorescence. Aptamer-modified AuNPs and 

QDs quenched to 51% in the absence of linker DNA. A control aptamer (A08) conjugated 

to the QDs with FB1_39-AuNP quenched to a similar level of 45%. These results 

confirm that the quenching observed is completely independent of the aptamer-linker 

mediated LIANA assembly, and is attributed entirely to the QD quenching in FB1 binding 

buffer.  

3.5.2.3 QD aggregation troubleshooting 

FB1_39t3-QD suspended in FB1 binding buffer show visible aggregation both 

within the solution and aggregates adhering to the side of the microfuge tube after rounds 
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of centrifugation (Figure 3.8). Aggregation of water-soluble QDs will result in 

fluorescence quenching.190  

 

Figure 3.8 FB1_39t3-QD exhibiting aggregation in the solution (grainy solution) and on the walls of 

the microfuge tube (green residue shown with arrow), visualized by illumination with a hand-held 

UV light (254 nm) 

 

QD aggregation and subsequent fluorescence quenching can be attributed to a 

number of factors. As the QDs are coated with a carboxyl-capped polymer, conditions of 

high ionic strength (over 100 mM) can cause charge-shielding effects to reduce the 

dispersion of the colloids resulting in aggregation. Additionally, surfactant-like molecules 

can undergo a “wrap and wrest” mechanism to adsorb the polymer coating, causing rapid 

fluorescence quenching.191 Approaches used to shield the interactions between QDs that 

result in aggregation include the addition of Tween, BSA, or inorganic F- ions to the 

buffer to decrease non-specific surface interactions.211 A simpler approach that would 
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have less effect on the matrix that the QDs are being used within is sonication, used to 

disperse any aggregated QDs back into the solution.   

Various treatments of the FB1_39t3-QD solution were tested to compare their 

affect on the aggregation and subsequent quenching of fluorescence in a solution of FB1 

binding buffer. Unmodified QDs were tested as well. Each sample was monitored over 

five consecutive fluorescence measurements with mixing by pipette 10 times in between.  

An aliquot of the FB1_39t3-QD solution was sonicated for 20 min at room 

temperature in an effort to disperse aggregates. A separate aliquot was centrifuged for 60 

seconds in an effort to pellet out the aggregates and test the fluorescence stability of the 

supernatant solution. In the case that any complementarity or inter-strand DNA 

interactions between FB1_39t3-QDs (in the absence of linker DNA) were resulting in 

aggregation, the same aliquot was heated to 55°C for 10 minutes to disrupt any secondary 

structure of the aptamer and then measured for the last two time points. Unmodified QDs 

were measured in comparison (Figure 3.9).  
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Figure 3.9 FB1_39t3-QD aggregation over five measurements with 10 x mixing by pipette between 

each trial. The effects of sonication, centrifugation, and heating were tested on the rate of 

aggregation of FB1_39t3-QDs. Unmodified QDs were tested as a control. Fluorescence intensity was 

monitored at 530 nm. All samples were suspended in FB1 binding buffer.  

 

Unmodified QDs exhibited exponential quenching of fluorescence over 

consecutive measurements with mixing between (Figure 3.9). Sonication, heating, and 

measuring the supernatant after centrifugation all had negligible effects on the 

fluorescence quenching in FB1 binding buffer.  

Lastly, unmodified QDs were tested over multiple consecutive measurements 

(mixing by pipette 10 times between) to monitor their fluorescence quenching in FB1 

binding buffer that was adjusted to different levels of ionic strength (NaCl concentration 

at 100 mM, 50 mM, 10 mM). The degree of fluorescence quenching tracked with the 

NaCl concentration in the buffer (Figure 3.10). In the 100 mM NaCl FB1 binding buffer, 

the fluorescence at 530 nm dropped to below 40% of the original intensity after three 
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consecutive measurements and mixing. The purchased QDs were certified to be stable at 

a salinity of 100 mM; there were clearly either additional factors resulting in quenching, 

or the batch of QDs from the manufacturer was faulty.  

 

Figure 3.10 Fluorescence quenching (monitored at 530 nm) of unmodified QDs suspended in water 

and FB1 binding buffer (100 mM, 50 mM, 10 mM NaCl) over multiple measurements with 10 x 

mixing by pipette between.  

 

3.5.3 Fluorescent turn-on sensors using carbon-based quenchers 

Carbon-based quenchers employing SWCNTs and GO were used to develop 

simple turn-on fluorescence sensors for FB1 in solution. The SWCNT quenching studies 

were conducted with both unmodified and acid-modified SWCNTs. Fluorescence donors 

were 5’-fluroescein modified FB1 39 for the SWCNT studies, and QD-FB139 and QD-

FB1_39t3 for the graphene oxide studies.  

3.5.3.1  SWCNTs 

Unmodified SWCNTs have very low solubility in water, and it is therefore very 

difficult to ascertain the exact concentration of SWCNTs in solution as the solution 

generally settles out a dark pellet, leaving a light yellow supernatant to use as the 
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quencher. This solution was used to quench 5’-fluorescein modified FB139 aptamer. As 

fluorescein is very dependent on pH and ionic strength of the FB1 binding buffer, adding 

variable amounts of a FB1 stock resulted in an inconsistent fluorescence signal with a 

constant amount of 5’-fluorescein aptamer. To control for this variability, the 

fluorescence of each sample, incubated with a range of FB1 concentrations, was 

quantified by fluorescence spectroscopy before and after the addition of a constant 

amount of SWCNTs. In the presence of FB1, the aptamer will interact with FB1 

preferentially over the added SWCNTs, resulting in a protective effect against 

fluorescence quenching. In the absence of FB1, the aptamer will adsorb to the surface of 

the SWCNTs and the fluorescence will be drastically quenched by FRET.  

In Figure 3.11 below, the fluorescence emission of fluorescein (520 nm) is 

monitored for 5’-fluoro-FB139 in the presence of FB1 (0 – 750 nM) both before and after 

the addition of a constant amount of SWCNTs in solution. Panel A shows the 

fluorescence spectra of fluorescein-modified aptamer. Panel B shows the fluorescence 

intensity at 520 nm for each concentration of FB1 before and after SWCNT addition. 

Panel C shows the change in fluorescence upon SWCNT addition follows a linear trend. 

At higher concentrations of FB1, there is a smaller change in fluorescence upon addition 

of SWCNT. This demonstrates a protective effect of FB1 from SWCNT-mediated 

quenching of fluorescein-modified aptamer (Figure 3.11).  
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Figure 3.11 Pristine SWCNT addition to 5’-fluorescein-FB139 with a range of FB1 present, 

demonstrating a linear trend between FB1 concentration and the change in fluorescence upon 

addition of SWCNTs.  

 

3.5.3.2  Acid-modified SWCNTs 

The modification and functionalization of SWCNT surfaces have found use in 

sensor applications, either to increase solubility in aqueous media, conjugate species to 

the surface, or modify the reactivity of the surface. Acid-modifying the SWCNT surface 

increases water solubility and develops a pH-dependent negative surface charge. Given 

the negative charge on DNA due to the phosphate backbone, it would be assumed that the 

adsorption of ssDNA onto the surface of acid-modified SWCNTs (amSWCNTs) would 

be lower relative to pristine SWCNTs. For a sensor application where the presence of a 
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target is aiming to overcome the attractive forces between the aptamer and the quencher, 

this could be an advantage and could increase sensitivity.  

 The amSWCNTs were quantified and compared to the pristine (unmodified) 

SWCNTs by UV-Vis spectroscopy (Figure 3.12). Unmodified SWCNTS both before and 

after centrifuging down the pellet and testing the supernatant had a small absorption peak 

around 300 nm. Unmodified SWCNTs after sonication had a more gradual and wide 

absorption range. The amSWCNTs had a significantly higher absorption with a wide 

peak around 200 – 300 nm indicating a greater dispersion in solution196 (Figure 3.12).  

 

Figure 3.12 UV-Vis absorption spectrum of unmodified (pristine) SWCNTs and amSWCNTs 

 

Further characterization of the amSWCNTs was obtained through HR-TEM 

images of the solution. In Figure 3.13, it is evident that there are still aggregates of 
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SWCNTs clustering, but there are many regions of dispersed long strands of amSWCNTs 

present.  

 

Figure 3.13 HR-TEM images of acid-modified SWCNTs  

 

The fluorescence quenching of 5’-fluorescein-FB139 was monitored with the 

addition of amSWCNTs (Figure 3.14). Quenching of fluorescein (monitored at 515 nm) 

upon addition of amSWCNTs was observed to be linear and rapid; incubation of the 16 

µl (0.1 mg/ml) sample for an additional 5 min before re-quantifying fluorescence 

revealed a negligible change in the fluorescence.  The rate of quenching of amSWCNTs 

was compared to the quenching rate of pristine SWCNTs (Figure 3.14). As expected, 

amSWCNTs quenched the fluorescence of 5’-fluorescein tagged DNA at a slower rate 

than unmodified SWCNTs, due to the electrostatic repulsion between the negative 

phosphate backbone and certain negatively charged residues from acid modification (ie: 

hydroxyl and carboxyl).  
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Figure 3.14 Quenching rate of 5’-fluorescein-FB139 with amSWCNT addition (at 0.1 mg/ml) 

compared to pristine SWCNTs (supernatant) 

 

The amSWCNTs were then integrated into a similar FB1 sensing assay as 

previously tested with the pristine SWCNTs (Figure 3.15 below). Fluorescence was 

measured before and after addition of amSWCNTs to compare the change of 

fluorescence relative to FB1 concentration. The range of FB1 concentrations was between 

0 – 1x10-5 M and the sensor was tested in FB1 binding buffer. Unlike the results obtained 

from the pristine SWCNTs, there was not a clear trend between FB1 concentration and 

fluorescence quenching. There is a slight negative trend in Figure 3.15 (panel C) between 

1x10-8 and 1x10-6 M FB1, indicating that in this range FB1 binding to 5’-fluroescein-

FB139 may be providing a slight protective effect over the quenching induced by addition 

of amSWCNTs. However, this trend is much less convincing than the previous results 

obtained with the pristine SWCNTs.   
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Figure 3.15 amSWCNT addition to 5’-fluorescein-FB139 with a range of FB1 present, demonstrating 

a slight linear trend between 1x10-8 – 1x10-6 M FB1 concentration to protect from quenching and 

decrease the change in fluorescence upon addition of SWCNTs.  

 

One possible contributing factor to the poor performance of the amSWCNT-based 

FB1 sensor is the pH of the solution. In FB1 binding buffer (pH 7.4-7.6), less of the acid-

modifying motifs (i.e. hydroxyl) would be in their charged ionic state. Performing the 

quenching in a more acidic pH buffer would theoretically decrease the interactions 

between the negatively charged DNA and the amSWCNTs. The rate of quenching was 

monitored at pH 7.4 and pH 6.3 for 5’-fluorescein-FB139 and amSWCNTs in FB1 

binding buffer (Figure 3.16). As expected, at the more acidic pH, the quenching occurred 

more rapidly than at a neutral pH.  
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Figure 3.16 The relative rate of fluorescence quenching (517 nm) as % quenching of 5’-fluorescein-

FB139 and amSWCNTs in FB1 binding buffer at pH 7.4 and pH 6.3 

 

An analogous sensor to previous trials was tried with the amSWCNTs in the 

lower pH buffer system to see if fluorescence recovery upon FB1 addition was more 

responsive at pH 6.3 than pH 7.4. Again, the fluorescence of 5’-fluorescein-FB139 was 

monitored at varying concentrations of FB1 (1x10-7 to 1x10-3) before and after 

amSWCNT addition (Figure 3.17). There was a slight negative trend to the change in 

fluorescence with increasing FB1 concentration, indicating a mild protective effect of FB1 

against amSWCNT quenching due to target-aptamer interaction.  
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Figure 3.17 Effects of adjusting the pH to 6.3, amSWCNT addition to 5’-fluorescein-FB139 with a 

range of FB1 present, demonstrating a slight linear trend between 1x10-7 – 1x10-3 M FB1 

concentration to protect from quenching and decrease the change in fluorescence upon addition of 

SWCNTs.  

 

Further experiments would be needed to optimize and confirm the performance of 

this sensor. However, efforts were moved on to explore quantum-dot based fluorescence 

sensors to avoid the interference effects of buffer and salinity and photo quenching 

associated with fluorescein as a fluorescent source. 

 

3.5.3.3  Graphene oxide  

3.5.3.3.1 FB1_39t3 conjugated to CdSe/ZnS QDs  

The graphene oxide sensor trials were performed in parallel to the initial LIANA 

FB1 sensor trials (Section 3.5.2), as the same conjugation chemistry was employed to link 

the 5’-NH2 modified aptamer sequences with the carboxyl-capped QDs. Experiments to 
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test the success of the aptamer-QD coupling efficiency and troubleshooting QD 

aggregation were collaborative between the two applications of the aptamer-QD 

constructs. Due to the same ongoing issues with QD aggregation and failure of adequate 

coupling efficiency to obtain significant levels of aptamer-QD conjugates, only 

preliminary results will be shown here to avoid repetition. With the aptamer-QD coupling 

performed in the 10 mM MES / 10 mM Na2PO4 buffer combination, a small amount of 

aptamer was likely coupled through the albeit inefficient conjugation chemistry to the QD 

surface (~10% coupling achieved as highest efficiency measured).  

Results from the FB1_39t3-QD fluorophore quenched to 50% of fluorescence by 

an aqueous suspension of graphene oxide (GO) are shown below in Figure 3.18. As the 

QD fluorescence had been shown to be relatively inconsistent between samples, a single 

GO-quenched sample of FB1_39t3-QD was split into two equal aliquots; one was treated 

as a control with the addition of water, and the other with the addition of a high 

concentration of FB1 dissolved in water. By comparing the water vs. FB1 samples, and 

adjusting for the dilution factor, fluorescence recovery to 60% of the original 

fluorescence was noted for the high concentration FB1 sample (10 μl of FB1 at 54 μM 

into a final volume of 50 μl). The addition of water alone resulted in further quenching of 

the solution to 25% of the original full fluorescence.  
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Figure 3.18 Fluorescence of FB1_39t3-QD with quenching by graphene oxide monitored over several 

time points. After quenching was stabilized at 50% of the original fluorescence, the sample was split 

and diluted with either 10 μl water (control) or 10 μl FB1 at 54 μM and the fluorescence and 

subsequent effects of the overall fluorescence recovery were measured. Note that the fluorescence 

spectra appear jagged due to minor instrumentation malfunction at the time of measurement.  

 

Although this shows slight promise for fluorescence recovery responsive to FB1, 

the ongoing concerns with the CdSe/ZnS QDs prevented further experiments from 

progressing as the results were not as reliable or consistent as would be required for 

developing a GO and QD based FB1 sensor.  

 

3.5.3.3.2   FB139 conjugated to CdTe QDs 

After ongoing concerns with the aptamer-conjugated green-emitting QDs 

(CdSe/ZnS), the same conjugation chemistry (10 mM MES / 10 mM Na2PO4) was 

applied to conjugating 5’-NH2-FB139 to carboxyl capped red-emitting CdTe QDs. 

Similarly to previous trials with the green-emitting QDs, UV-Vis analysis of the aptamer 

fractions before and after coupling revealed negligible amounts of FB139 appeared to be 

conjugated to the QD successfully. Nevertheless, this conjugate was monitored over six 
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consecutive fluorescence measurements with mixing by pipette between (10 times) in a 

range of conditions. The FB139-QD conjugate was monitored in FB1 binding buffer, 100 

mM Na2PO4 buffer, water, and in FB1 binding buffer with subsequent addition of GO (1 

μl of 2 mg/ml solution at each measurement point) (Figure 3.19). Although the GO 

treated solution did maintain the lowest fluorescence (highest quenching), almost all of 

the treatments resulted in a very similar quenching profile of the fluorescence emission of 

CdTe QDs at 655 nm. These results indicate that the quenching upon GO addition is 

attributed to a critical concern with the QDs not being stable in the reaction conditions 

resulting in self quenching over repeated measurements.  

 

Figure 3.19 Fluorescence emission (655 nm) monitored over 6 consecutive measurements (mixing by 

pipette 10x between) of FB139-QDs (CdTe) in FB1 binding buffer, 100 mM Na2PO4 buffer, water, 

and in FB1 binding buffer in the presence of 2 mg/ml graphene oxide (addition of 1 μl at each time 

point) 

 

Due to the ongoing concerns with the aptamer-QD conjugates, further trials were 

not pursued for this sensor design.  
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3.5.4 Label-free SYBR Green I sensor for FB1  

SYBR Green I (SG) intercalates into the minor groove of duplex DNA resulting 

in a dramatic enhancement of fluorescence with a peak ~520 nm upon excitation at 497 

nm. SG can be used to develop a label-free binding assay for quantifying small-molecule 

aptamer interactions.111 If target binding results in a disruption of the secondary structure 

of the aptamer and subsequent displacement of SG, the fluorescence of the construct will 

decrease linearly with target concentration. From the DNase I assay, it is understood that 

binding of FB1 to FB139 does not result in any dramatic changes in the duplex structure 

of the aptamer, as changes in the DNase I digestion pattern with target concentration 

were consistent yet subtle. FB139, FB1_39t3 and FB1_39t3-5 were tested with the SG 

assay and no change in fluorescence was observed between 0 – 1x10-5 M FB1 (data not 

shown). For this reason, a complementary probe to the FB1_39t3 region (cFB1_39) was 

synthesized (with no modifications) to evaluate the ability of FB1 binding to displace the 

probe. As the complementary probe is long (48 nt, half of the length of FB139), there is a 

noticeable increase in SG fluorescence when it is bound to FB139. Displacement of some 

of the cFB1_39t3 will result in a reversion of the fluorescence signal to levels closer to 

the original FB139 SG fluorescence. This assay is illustrated below (Figure 3.20).  
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Figure 3.20 Sensing scheme for label-free SYBR Green I (SG) fluorescence assay for detecting FB1. 

The fluorescence of FB139 in the presence of SG is lower than that of FB139 + cFB1_39t3 which is a 

48-nt complement strand. With a higher degree of duplex structure, in the presence of SG the 

fluorescence is increased (indicated by the larger yellow lightning bolt). The presence of target does 

not affect the secondary structure of FB139 enough to change the SG fluorescence. However, when 

FB1 is added to the FB139 + cFB1_39t3 mixture, FB1 binding to FB139 will kick off some of the 

bound cFB1_39t3 and cause the SG fluorescence to drop back to levels closer to the initial FB139 

baseline levels.  

 

             A thermal melting study was conducted to determine the stability of the 

cFB1_39t3 probe in the presence of FB139. The Tm of the probe dissociation was 75.6 ± 

0.82°C indicating it is very stable relative to the Tm of FB139 (41°C) (Figure 3.21).  
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Figure 3.21 Tm curve of FB139 and cFB1_39t3 showing two distinct regions of denaturation. The first 

Tm corresponds to the FB139 aptamer, and the second (inset) corresponds to the denaturation of the 

cFB1_39t3 region off of the FB139 aptamer. The Tm of this interaction is 75.6 ± 0.82°C indicating that 

it is very stable (due to its long overlap of complementarity, 48 nt) 

 

The initial trials displayed, as expected, a higher SG fluorescence emission for 

FB139+cFB1_39t3 than for FB139 alone. With increasing concentration of FB1, the 

difference in fluorescence between FB139+cFB1_39t3 and FB139 alone decreased, 

particularly between FB1 concentrations between 1x10-8 – 1x10-5 M (Figure 3.22).  
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Figure 3.22 SG fluorescence (520 nm) of FB139+cFB1_39t3 and FB139 demonstrating a trend in the 

FB139+cFB1_39t3 fluorescence towards the FB139 level of fluorescence at high [FB1], indicating that 

target binding is involved in displacing the cFB1_39t3 probe from FB139.  

 

As the trend was not strong, further experiments were not continued with this 

assay.   

3.5.5 Selectivity and performance of fumonisin and ochratoxin aptamers in a 

sample matrix   

 

Contrary to the FB1-bound affinity tests used to characterize the Kd of FB139 

minimers in Section 2.5.3.2, the design of this test was switched to facilitate testing 

aptamer performance and selectivity in a real sample matrix. 5’-NH2-modified FB139, 

FB1_39t3, FB1_39t3-5 and A08 were functionalized onto NH2-capped magnetic beads. 

These beads were incubated with a variety of contaminated grape samples with 

fumonisins and ochratoxins as well as natural matrix components that could interfere 

with aptamer binding, or could cross-bind with the aptamers causing concern for false 

positives in a downstream sensor in this matrix (Figure 3.23) 
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Figure 3.23 Assay design of aptamer-mediated binding to measure selectivity and performance in a 

contaminated grape matrix. M-270 amine DynaBeads were activated with 5% glutaraldehyde to 

facilitate coupling with NH2-modified aptamers. Excess amine groups were capped with Sulfo-NHS 

Acetate. The contaminated grape matrix (A. welwitschiae for fumonisins; A. carbonarius for 

ochratoxin) was incubated with the aptamer-bead matrix for 60 min. The non-bound components 

were washed off with buffer washes at room temperature, separating by magnet each time. Bound 

fraction of mycotoxins were heat-eluted off of the aptamer-funcitonalized beads and sent for analysis 

by HPLC-MS/MS to perform relative quantitation of each toxin from the toxin fraction before and 

after aptamer-bead extraction.  

 

This test reveals the performance of each of these aptamers in a ‘real’ sample 

matrix. Additionally, other non-traditional fumonisins and ochratoxins, or structurally 

similar endogenous molecules, can be present in these samples. It is of interest to know if 

the aptamers maintain binding affinity with these species. Firstly, this can be of 

importance depending on which species are regulated, notably if the aptamer would 

cross-react and create a false positive result. Secondly, knowing which structurally-

similar species are bound by the aptamer vs. are not bound by the aptamer can develop 

evidence for where on the small molecule the aptamer is binding (i.e. if the aptamer loses 

affinity for the modified toxin that is missing one functional group, this would be an 

indicator that that functional group is important for binding interactions and recognition). 

The relative quantitation of fumonisins or ochratoxins found within each fraction 

(before incubation with aptamer-functionalized beads vs. bound eluted fractions) was 

achieved by HPLC-MS/MS. A representative extracted chromatograph showing the 

retention order of FB2, FB4, and FB6 is shown in Figure 3.24.  
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Figure 3.24 Representative extracted chromatograph showing retention order of FB2, FB4 and FB6 

HR-MS/MS was then used to confirm the identity of each peak by the 

characteristic fragmentation pattern of each mycotoxin form (Figure 3.25).   

 

Figure 3.25 MS2 spectra of FB2 with a characteristic fragmentation pattern allowing for 

identification 
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 From the extracted fumonisins, FB2, FB4, and FB6 were found in each bound 

fractions (FB139, FB1_39t3 and FB1_39t3-5) at low levels. Due to the high amount of 

fumonisins extracted from the grape matrix, only a low percent of the fumonisins present 

were bound by the aptamer-functionalized beads. Of the 10x dilute extracted fumonisins, 

FB139 bound the highest percentage of fumonisins, and had some affinity for each of the 

natural fumonisins produced by the A. welwitschiae strain (FB2, FB4 and FB6) (Table 

3.6). The binding of FB139 and FB1_39t3 to the extracted fumonisins was not consistent 

between the 5x diluted and 10x diluted extracted samples. However, FB1_39t3-5 

demonstrated binding at low levels in all of the samples except for FB2 from the 5x 

diluted extracted sample (Table 3.6).  

 

Table 3.6 Dilute extracted fumonisins from A. welwitschiae producing fumonisins on grapes, showing 

the bound fractions of each fumonisin (FB2, FB4, and FB6) to each of the FB1 aptamers (FB139, 

FB1_39t3, and FB1_39t3-5).  

    
% of bound fumonisins (signal recovery),  

control subtracted 

Fumonisin grape must sample FB1_39 FB1_39t3 FB1_39t3-5 

5x dilute extracted 

fumonisins 

FB2 0 0.32 0 

FB4 0 0.73 0.24 

FB6 0 0.11 0.16 

10x dilute extracted 

fumonisins 

FB2 0.23 0 0.1 

FB4 1.4 0 0.23 

FB6 0.36 0 0.19 

 

Aptamer-mediated extraction of fumonisins directly from the grape matrix (with 

no extraction procedure) was also tested. The sample preparation for these samples is 

minimal, involving a simple filtering step prior to the aptamer binding test. Both FB4 and 

FB6 fell below the detection levels in all samples (both bound fractions and the samples 

before aptamer-bead incubation) suggesting that the extraction procedure is necessary to 
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release these fumonisins from the matrix components in levels above the detection limit. 

However, FB2 was present at detectable levels, and all of the aptamers (FB139, FB1_39t3 

and FB1_39t3-5) bound FB2 from the matrix. The 10x dilute matrix diluted into buffer 

resulted in >20% binding of FB2 with FB139- and FB1_39t3-bound beads (Table 3.7).  

The fractions were also screened for other structurally diverse fumonisins. FA2, 

FA3, FA4, FC2, and FC4 were detected in small amounts in some of the extracted 

fumonisin samples, but only FA2 was present in any of the bound aptamer fractions 

(FB1_39t3-5 bound 0.6%). Although inconclusive, this could indicate the aptamers 

selected for FB1 have a relatively low affinity for some of the other fumonisin 

compounds. The list of fumonisin compounds measured, their structures, and the 

detection in each fraction can be found in Appendix A (Figure 5.1 and Table 5.1).  

 

Table 3.7 Dilute fumonisins (no extraction) from an A. welwitschiae producing fumonisins on grapes, 

showing the bound fractions of each fumonisin (FB2, FB4, and FB6) to each of the FB1 aptamers 

(FB139, FB1_39t3, and FB1_39t3-5) 

  
% of bound fumonisins (signal recovery), control 

subtracted 

Fumonisin grape must sample FB1_39 FB1_39t3 FB1_39t3-5 

90:10 buffer:grape 

must 

no extraction 

FB2 2.11 4.3 1.5 

FB4 0 0 0 

FB6 0 0 0 

10x dilute 90:10 

buffer:grape must 

no extraction 

FB2 22.4 21.4 N/A 

FB4 0 0 N/A 

FB6 0 0 N/A 

 

5’-NH2-A08 was the only aptamer tested for performance and selectivity in the A. 

carbonarius contaminated grape matrix. OTA was not detected in the samples that did 

not undergo the acidic extraction procedure. In the extracted samples, up to 5.2% of OTA 

was extracted from the matrix (10x diluted) with A08-functionalized beads (Table 3.8).  
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Table 3.8  Dilute ochratoxin (with and without extraction) from A. carbonarius infected grapes, 

showing the bound fractions of OTA to A08 aptamers. 

    

% of bound ochratoxin A 

(signal recovery),  

control subtracted 

Ochratoxin grape must sample A08 aptamer 

5x dilute extracted ochratoxin OTA 2.4 

10x dilute extracted ochratoxin OTA 5.2 

90:10 buffer:grape must 

no extraction 
OTA 0 

10x dilute 90:10 buffer:grape must 

no extraction 
OTA 0 

 

 

 

3.6 Conclusions 

The LIANA turn-on fluorescent sensor was able to detect OTA with a visual LOD 

between 10 – 100 nM in a complex matrix on a simple, rapid, user-friendly and portable 

paper-based platform.  Progress was made towards developing an analogous LIANA 

sensing platform for FB1 (in solution) but unfortunately issues with QD aggregation and 

subsequent fluorescence quenching as well as aptamer-QD coupling efficiency stalled 

any major progress. In a fluorescent turn-on sensor, fluorescein-modified FB139 was 

quenched by unmodified SWCNTs and fluorescence recovery was relatively linear 

between 100 – 750 nM FB1. Acid-modified SWCNTs were less consistent and sensitive 

in a similar sensor design. Aptamer-labelled QDs were used in a fluorescent turn-on 

sensor using graphene oxide as a quencher for FB1 detection; unfortunately results were 

inconsistent due to low efficiency in aptamer-QD coupling and QD aggregation. Lastly, 

FB139, FB1_39t3, FB1_39t3-5, and A08 were tested for their capacity to bind naturally 
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contaminated samples (Aspergillus contaminated grapes) in a real sample matrix, 

demonstrating performance and selectivity against other similar compounds and matrix 

components. For the ochratoxin-contaminated samples, A08 bound approximately 5% of 

the OTA from the extracted samples (diluted). For the fumonisin-contaminated samples, 

the highest binding recovery was noted for FB139 and FB1_39t3 binding FB2 from the 

non-extracted diluted fumonisin extract. These results demonstrate the ability of these 

aptamers to selectively bind their targets in a complex matrix with a low degree of 

sample preparation. As the source of the low percent of fumonisin binding to the 

aptamer-modified beads could be from many sources (overloading binding capacity, 

matrix effects, low affinity of aptamers for non-FB1 fumonisins) it would be useful to 

evaluate the binding of a spiked FB1 sample into a matrix to determine the binding 

efficiency of each aptamer in a future study.  
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4.0     Contributions to knowledge and future studies 

Mycotoxins are naturally-occurring fungal secondary metabolites that 

contaminate staple food crops around the world. The most dramatic human health and 

economic effects of mycotoxin contamination are in developing areas of the world, where 

there are limited resources allocated to monitoring and regulating mycotoxin levels to 

mitigate the health risks upon consumption. The use of aptamer-mediated molecular 

recognition in mycotoxin biosensors aligns well with the inherent advantages of 

aptamers: stability and long shelf life amenable to use in field, affinity and selectivity of 

binding to small molecule targets, cost-effective chemical synthesis and low variability in 

production.  

In Chapter 2, aptamers for two important mycotoxins, FB1 and OTA, were 

screened using a novel DNase I footprinting assay. This simple assay measures the in-

solution binding affinity of aptamers to targets without requiring expensive equipment or 

reagents. The duplex structure of aptamers can also be mapped by DNase I digestion. 

This assay is generally applicable for aptamers for small molecule and protein targets, 

excluding previously minimized aptamers. It would be useful to analyze a well-

characterized aptamer using the DNase I assay to align the derived structural information 

with NMR and X-ray crystallography data. Putative minimer sequences for FB139 were 

identified that retained high affinity binding to FB1 in solution and bound to a solid 

support.  These minimers range between 38 – 78 nt in length. Future studies would be 
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valuable to further characterize the affinity of these aptamers for FB1 to confirm the Kd 

and conformation with techniques such as SPR, CD, and ITC.  

Chapter 3 examined various applications of mycotoxin aptamers in sensing 

applications. Ongoing challenges with aggregation and coupling efficiency of aptamers to 

carboxyl-QDs limited the success of FB1 fluorescent aptasensors. A rapid and sensitive 

paper-based fluorescent test was developed for OTA detection. Using a simple hand-held 

UV light, OTA was detected with an LOD between 10 - 100 nM in a complex sample 

extract. This represents a promising application of aptamer-mediated recognition for 

mycotoxin detection on a transportable and accessible platform. Further work to develop 

an analogous test for FB1 would be valuable. Additionally, the use of fluorescent semi-

conductor QDs makes these tests amenable to multiplex mycotoxin detection. Other 

promising applications for aptamers include lateral flow tests, and replacing antibodies 

with aptamers in immunoaffinity columns used in conjunction with confirmatory testing 

methods. Although progress made in these fields for OTA detection, there is a wide gap 

to fill for FB1 detection with similar or novel aptasensor technologies.  
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Appendix A: Additional fumonisins tested for in grape matrix 

 R1 R2 R3 R4 R5 

FB1 CH3 NH2 H OH OH 

FB3 CH3 NH2 H H OH 

FA1 CH3 NHCOCH3 H OH OH 

FA2 CH3 NHCOCH3 H OH H 

FA3 CH3 NHCOCH3 H H OH 

FA4 CH3 NHCOCH3 H H H 

FC1 H H H OH OH 

FC2 H H H OH H 

FC3 H H H H OH 

FC4 H H H H H 

FPy2 H =O H OH H 

FPy4 H =O H H H 

FLa2 H OH H OH H 

FLa4 H OH H H H 
Figure A-1 Structures of fumonisins tested for in A. welwitschiae infected grapes 
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Table A-1 Dilute ‘extracted’ and ‘direct’ fumonisins from A. welwitschiae on grapes, showing the 

fractions (percent bound, control subtracted) of each compound bound to each of the FB1 aptamers 

(FB139, FB1_39t3, and FB1_39t3-5), NP = no peak detected, *compound present in ‘before’ fraction 

but not in eluted fractions, **compound present in eluted fraction but not in ‘before’ fraction 

Direct grape must samples  Extracted grape must samples 

  FB139 FB1_39t3 FB1_39t3-5   FB139 FB1_39t3 FB1_39t3-5 

no 

dilut’n FB1 NP NP NP  

5x 

dilute FB1 NP NP NP 

 OH-FB1 NP NP NP   OH-FB1 NP NP NP 

 FB3 NP NP NP   FB3 NP NP NP 

 FA1 NP NP NP   FA1 NP NP NP 

 FA2 NP NP NP   FA2 NP NP 0.633 

 FA3 NP NP NP   FA3* NP NP NP 

 FA4 NP NP NP   FA4* NP NP NP 

 FC1 NP NP NP   FC1 NP NP NP 

 FC2 NP NP NP   FC2* NP NP NP 

 FC3 NP NP NP   FC3 NP ** NP 

 FC4 NP NP NP   FC4* NP NP NP 

 FLa2 NP NP NP   FLa2 NP NP NP 

 Fla4 NP NP NP   Fla4 NP NP NP 

 FPy2* NP NP NP   FPy2 NP NP NP 

 FPy4 NP NP NP   FPy4 NP NP NP 

           

10x 

dilute FB1 NP NP NP  

10x 

dilute FB1 NP NP NP 

 OH-FB1 NP NP NP   OH-FB1 NP NP NP 

 FB3 NP NP NP   FB3 NP NP NP 

 FA1 NP NP NP   FA1 NP NP NP 

 FA2 NP NP NP   FA2* NP NP NP 

 FA3 NP NP NP   FA3 NP NP NP 

 FA4 NP NP NP   FA4* NP NP NP 

 FC1 NP NP NP   FC1 NP NP NP 

 FC2 NP NP NP   FC2* NP NP NP 

 FC3 NP NP NP   FC3 NP NP ** 

 FC4 NP NP NP   FC4* NP NP NP 

 FLa2 NP NP NP   FLa2 NP NP NP 

 Fla4 NP NP NP   Fla4 NP NP NP 

 FPy2 NP NP NP   FPy2 NP NP NP 

 FPy4 NP NP NP   FPy4 NP NP NP 

           

*Compound present in "before" fraction but not eluted fractions  

**Compound present in eluted fractions but not "before" fractions 
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