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ABSTRACT 

 

  

 

STRUCTURAL INFLUENCE OF HEMICYANINE DYES IN OPTICAL 

DETECTION PLATFORMS 
 

 

Andrew Joel Chung       Advisor: 

University of Guelph, 2018      Professor R. A. Manderville 

 

 Hemicyanine dyes are highly conjugated fluorescent molecules that are composed of a D-

π-A motif that exhibits the ability to push electrons from the donor towards the acceptor, 

generating emission and excitation wavelengths in the visible region. The research discussed in 

this thesis will demonstrate the utility of hemicyanine dyes for detection of thiolate anions and 

ochratoxin A. First, two hemicyanine dyes with commonly employed A moieties undergo 

nucleophilic addition with a simple thiolate to provide unambiguous 1H and 13C NMR evidence 

to distinguish the products of solvolysis from thiolate addition. For detection of OTA, various 

hemicyanine dyes are shown to bind to the ochratoxin A aptamer to produce a turn-on emission 

response. Addition of the toxin to the dye:aptamer complex resulted in loss of dye emission. For 

these studies, the nature of the A plays a critical role in the ability of OTA to displace the dye 

from the aptamer. 
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1.1. Background Information 

1.1.1. Detection Platforms 

 Optical biological detection platforms have been developed over the past few decades in 

order to detect many different analytes such as: biopolymers, 1–5 metals, 6–12 and anions. 13,14 

Generally these detection platforms follow a 3-step procedure (Fig. 1-1): binding of the analyte to 

the receptor, the receptor undergoing a transducible change, and a signal measurement generated 

by the transducer.15 There is great interest for biological detection platforms for numerous analytes 

in industries related to food safety (proteins, toxins) and the environment (metals, anions, toxins).  

 

Figure 1-1: Mechanism for a biological detection platform. 

 

 Antibodies are the traditional bioreceptors that have high selectivity for their target 

molecule.16 Due to their biological relevance in cells, antibodies only have binding affinities to 

specific targets and can be transduced through many different ways such as: electrochemical, and 

optical (fluorescence and UV-vis).17,18 Although antibodies are very selective they also have a few 

key disadvantages. One stems from the in vivo extraction of antibodies from living organisms. 

Extraction of antibodies is expensive, time consuming, labour intensive, and unethical. In addition, 

antibody stability causes many issues concerning their inability to preserve protein integrity 

throughout multiple detection cycles.16  
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 Deoxyribonucleic acid (DNA) is a potential alternative to antibodies because it is able to 

withstand harsh conditions with the ability to regenerate function after many detection cycles.16,19 

In addition, DNA can be synthesized in vitro, resulting in a cheaper, faster, and a more ethical 

approach to biosensor technology. Moreover, DNA can be easily modified to permit detection 

strategies such as: electrochemical and optical etc..16 Optical transduction methods have proven to 

be fast and sensitive to detect multiple types of analytes and will be the focus of the research 

described in this Thesis.   

1.2. Hemicyanine Dyes 

 Hemicyanine dyes are highly fluorescent molecules that are used extensively in optical 

biosensors.13,20,21 They belong to a class of molecules called molecular rotors and are composed 

of a Donor-π-Acceptor (DπA) motif (Fig. 1-2). The molecule consists of two nitrogen groups, one 

electron deficient and the other electron rich. The electron rich nitrogen (D) is able to push 

electrons through the π-conjugated system to the electron deficient nitrogen (A). This transfer 

results in long excitation and emission wavelengths as well as large Stokes shifts.22 This 

mechanism is called internal charge transfer (ICT). 22,23  

Figure 1-2: Twisting along the polyvinyl bridge to generate the locally excited state and the 

twisted intramolecular charge transfer (TICT) state. 

  

 Hemicyanine dyes are attractive transducers for biological systems because of their 

inherent switching capabilities and distinguishable excitation and emission wavelengths. 
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Moreover, hemicyanine dyes have been used to detect different analytes such as: metals,6,12,24,25 

DNA,2,26–28 antibodies,16 anions,7,29,30 and thiols.31–35 Thereby, demonstrating the diversability of 

hemicyanine dyes for detection platforms. 

 The ICT system is very sensitive and can be easily disrupted in many ways. One method 

is by affecting its ability to rotate along the polyvinyl bridge, forming two different emission states; 

the locally excited (LE) and the twisted intramolecular charge transfer (TICT) state (Fig. 1-2). In 

the planar state, the ICT system is unaffected, allowing the molecule to push and pull electrons 

through the system when excited, generating the LE state (Fig. 1-3).22 

Figure 1-3: Jablonkski diagram displaying the LE and TICT energy transfer states. 
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 In most cases, the LE state fluorescence intensity is very high. However, when the molecule 

is excited it can undergo electron transfer from the donor to the acceptor, producing a radical 

anion/cation with a large dipole moment.22 This forces the molecule to twist along the polyvinyl 

bridge to counteract the electrostatic interactions between the donor and the acceptor, generating 

the TICT state that exhibits quenched fluorescence due to radiationless decay (Fig. 1-3).22  

 The LE and TICT states exist in equilibrium and can each be favoured by altering the 

solvent polarity and the solvent viscosity. This property is called solvatochromism. By increasing 

solvent polarity, the TICT state is favoured because the large dipole moment is stabilized (Fig. 1-

3). In addition, highly polar protic solvents (e.g. H2O) stabilize the TICT state further through 

hydrogen bonding (H-bonding).36 In contrast, non-polar solvents (e.g. CHCl3, iPrOH) are unable 

to stabilize the large dipole moment; favouring the LE state. The solvent viscosity follows a similar 

trend; by increasing solvent viscosity, the molecule becomes more rigid. This generates a higher 

energy barrier to rotation along the polyvinyl bridge; favouring the LE state. In contrast, in lower 

viscous solvents, the molecule can rotate along the polyvinyl bridge easier; favouring the TICT 

state. By changing the environment of the dye, the LE-TICT equilibrium can be manipulated 

resulting in an effective fluorescent detection molecule. This can be important when fluorescently 

labelling biopolymers such as DNA, which is discussed further in Chapter 3.  

1.2.1 Anion Sensing 

 The push-pull system of hemicyanine dyes generates electron deficient sp2-hybridized 

carbons at positions 2 and 4, as exemplified in Figure 1-4. Consequently, these sites are susceptible 

to covalent attachment by a range of biological nucleophiles.35,37 For example, strong nucleophiles 

such as thiols, hydride, and cyanide can react with hemicyanine dyes at separate sites and generate 

products with blue shifted absorbance bands compared to the starting free dye (Fig. 1-4).14,32 
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Discovery of thiol sensing hemicyanine dyes, through conjugate addition, has flourished under 

this concept and has been well documented.14,32 Generally, the fluorescent response is a result of 

conjugate addition of the nucleophile to the dye and a turn-off of the ICT system.7,11,29 A study by 

Liu et al. 2014, demonstrated a 53-fold fluorescent increase when cysteine (Cys) is added to their 

hemicyanine dye while monitoring the fluorescent signal of the addition product (Fig. 1-5a).38 In 

addition, toxicologically relevant anions such as CN- and HS- have been added to hemicyanine 

dyes at the 2 position to demonstrate similar UV changes (Fig. 1-5b).13,29  

Figure 1-4: A) A hemicyanine dye reaction with a nucleophile at the 2-position forming the C2 

adduct. B) A hemicyanine dye reacting at the C4 position to generate the C4 adduct along with an 

additional reaction at the C2 position to generate the C2,C4 diadduct.  
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 Despite great strides in creating hemicyanines and hybrids thereof that exhibit impressive 

selective anion sensing characteristics, even in cellular matrices, the adduct structures that block 

ICT are seldom rigorously characterized. Even for a simple hemicyanine dye the possible products 

are diverse. Reversible nucleophilic (Nu) attachment can occur at the C2 or C4 sites. Attachment 

at C4 may produce either the enamine or iminium ion adduct, with the latter capable of reacting 

with a second equivalent of anion to produce a C2,C4 diadduct (Fig. 1-4b). How the acceptor 

moiety affects the regioselectivity of the dye attachment is unknown and often these reactions 

afford unstable intermediates which cannot be fully characterized. Studies reported in the literature 

typically display fluorescent or UV-Vis changes to the dye upon nucleophile addition, but often 

fail to demonstrate unequivocal NMR structural evidence for the product.35,39 In Chapter 2, a 

mechanistic study is completed to demonstrate NMR finger-prints of different anions that are 

undergoing conjugate addition to two separate acceptor moieties that are commonly employed for 

thiol sensing. In addition, unambiguous NMR assignments of conjugate addition products is 

provided.  

Figure 1-5: A) Hemicyanine dye reacting with cysteine at site 1 and site 2. B) a hemicyanine dye 

reacting at the C2 position with -SH. 
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1.3. DNA  

 Traditionally, DNA has been identified as the passer of genetic material to new cells and 

new organisms through mitosis and meiosis.40,41 Interestingly, short oligonucleotides have been 

shown to exhibit bioreceptor functionalities.15,42,43 To understand how these oligonucleotides can 

be used as bioreceptors; the primary and secondary structures of oligonucleotides will be discussed 

further. 

1.3.1. Primary Structure  

 DNA is a biopolymer comprised of monomers called nucleotides (Fig. 1-6). Nucleotides 

consist of a phosphate-sugar backbone and only differ by the type of nucleobase that is covalently 

attached to the deoxyribose sugar.44  There are two different types of nucleobases: purines and 

pyrimidines.41,44 The purines (guanine and adenine) are comprised of two fused heterocyclic rings 

that differ at the 2 and 6 positions (Fig. 1-6).41 In comparison, the two pyrimidines (thymine and 

cytosine) are composed of a single heterocyclic ring with different atoms protruding from the 4 

and the 5 position.41 

 Figure 1-6: All four nucleobases involved in DNA including the purines (red) and the 

pyrimidines (blue). 
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 In addition to the four nucleobases present in DNA, the purines can form two different 

rotational isomers (anti, syn). In the anti conformation, the purine is in the correct position to 

produce Watson-Crick H-bonds, with A forming two bonds with T and G producing three bonds 

with C. 45 Rotation along the glycosidic bond, allows for the nucleobase to rotate towards the syn 

conformation which exposes the Hoogsteen face (Fig. 1-6).46 The Hoogsteen face of both A and 

G can only form two H-bonds from the 6 and 7 positions. While the anti conformation of G is 

critical for production of the standard double helix, the syn conformation of G comes into play 

when different DNA topologies are produced.  

1.3.2. Secondary Structure 

  

 Nucleotides polymerize through the phosphate-sugar backbone joining the 5′-OH with a 

phosphate group and the 3′-OH of the following nucleotide.41 This forms a single stranded 

Figure 1-7: All four nucleobases involved in DNA including the purines (red) and the pyrimidines 

(blue) 
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structure that can join an infinite number of nucleotides together. Different combinations of 

nucleotides can give rise to different sequences and, in turn produce different topologies. Some of 

these include: single stranded (ss), double stranded (ds), and the G-quadruplex (GQ).  

 The ds secondary structure is the classic model to describe DNA and is comprised of two 

single strands (ss) annealed to one another through Watson-Crick hydrogen bonding (Fig. 1-7).41 

The two single strands are complementary and run antiparallel (5’-3’/3’-5’).41 While there are 

several types of double helices, the most generic form is B-DNA which is responsible for passing 

down genetic information through each cell.  

 DNA is a very versatile biopolymer because it can also act as a bioreceptor. GQ’s are an 

example of functional oligonucleotides and can fold and bind to target molecules with high 

Figure 1-8: Structure of a G-tetrad. 
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specificity and selectivity.42 GQ’s originate from G-rich telomeric sequences at the end of B-

DNA.26,47 Telomeric DNA sequences help prevent degradation of DNA sequences and have 

received considerable attention for therapeutic uses.26 Interestingly, human telomeric DNA 

(HTELO) forms a GQ and has been identified as a 22 base, G-rich sequence.26 Furthermore, GQ’s 

have demonstrated bioreceptor functionalities for biological relevant analytes.47 

 G-rich aptamers can fold into G-quadruplex structures that are composed of G-Tetrads. G-

Tetrads can assemble from Hoogsteen H-bonding of four G-bases (Fig. 1-8).1,47 In addition, a metal 

cation is present in the central cavity of the tetrad to help stabilize the electrostatic repulsion of the 

electron rich oxygen atoms. This metal is usually potassium (K) or sodium (Na) but is not limited 

to those two. In addition to all the stabilizing elements of the G-tetrad, π-stacking of the guanine 

residues aid in stabilizing the GQ further.15,48  

 GQ’s can have different conformations depending on: target binding, solution conditions, 

or modifications to the native strand.47 There are two main directions of GQ’s called: parallel and 

antiparallel and are characterized by the direction of the strand(s) that enters and exits the GQ (Fig. 

Figure 1-9: Different G-quadruplexes. (a) unimolecular parallel, (b) unimolecular 

antiparallel, (c) bimolecular antiparallel, (d) tetramolecular parallel. 
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1-8).47 Parallel GQ’s, have the strand entering and exiting the tetrad complex in the same direction, 

where as antiparallel quadruplexes have the strand entering and exiting the tetrad complex in 

opposite directions (Fig. 1-9). In addition, the number of ss oligonucleotides can change 

composition of the GQ. Whilst, some are composed of one strand (unimolecular) others can be 

composed of more than one (bi, tri, tetramolecular). Determination of the topology of each GQ 

structure can be understood through circular dichroism (CD). 

1.3.3. Circular Dichroism 

 Circular dichroism (CD) is the difference in absorption of left handed circular polarized 

light and right handed polarized light. It occurs when the molecule of interest contains one or more 

chiral chromophores.49 The CD’s are measured over a certain range of wavelengths and is used to 

determine the secondary structure conformation of proteins or DNA. Furthermore, CD’s are an 

essential tool to determine the topology of a GQ and can readily distinguish between parallel and 

antiparallel. Parallel GQ’s display a positive band at 264 nm and a negative band at 245 nm.49 

However, an antiparallel GQ displays a positive band at 290 nm and 245 nm, along with a negative 

band at 264 nm. In addition, CD’s can determine how a fluorophore interacts with the GQ when 

the measured spectrum produces an induced CD (ICD) band at the wavelength of the bound 

chromophore. A positive ICD band indicates groove binding to the GQ, while a negative ICD band 

indicates the fluorophore is stacking to the GQ.49 CD is a powerful tool to demonstrate structural 

information for GQ’s and interactions between substrates with the GQ. 

1.3.4. DNA Aptamers 

 DNA aptamers are short oligonucleotides that can bind to a specific target with high 

selectivity and sensitivity and are selected through a process called Systematic Evolution of 

Ligands by Exponential Enrichment (SELEX). The conventional SELEX strategy was developed 
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in 1990 and begins with a pool of 40-60 randomly selected oligonucleotide strands (Fig. 1-10).50,51 

A target is then added to the pool of oligonucleotides and incubated for a short period of time. The 

unbound strands are eluted and the bound oligonucleotides continue to the next step. The bound 

oligonucleotides are eluted off the target 50,52 The eluted strands are amplified through PCR to be 

characterized and sequenced. The pool of bound strands is regenerated, analyzed, and the process 

is repeated with the strands that bound the target. The SELEX process is repeated 5-15 times to 

ensure the selected oligonucleotide strand displays the best specificity and selectivity to the target 

molecule.50 In addition, each subsequent step increases the binding affinity of the aptamer.51 

Although conventional SELEX is a well-established method, new SELEX strategies have been 

developed to make the process more efficient and reduce the number of rounds of aptamer 

selection.52 Examples include capillary electrophoresis-SELEX and magnetic bead-based SELEX 

among other methods.52  

 The word aptamer comes from the Greek word “aptus” which means “to fit.” They consist 

of a ds or ss oligonucleotide that undergoes a conformational change when introduced to the target. 

The conformational change sometimes involves the folding of the strand(s) into a GQ (Fig. 1-10). 

A simple, well studied aptamer called Thrombin Binding Aptamer (TBA) is 15 bases long that 

generates a unimolecular antiparallel quadruplex upon binding thrombin and metals ions such as 

Na+ and K+. 
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Figure 1-10: Schematic diagram of the SELEX process 

Figure 1-10 was extracted from Chen, M.; Yu, Y.; Jiang, F.; Zhou, J.; Li, Y.; Liang, C.; Dang, 

L.; Lu, A.; Zhang, G. Int. J. Mol. Sci. 2016, 17, 2079. 

  

 Thrombin is a protein that converts fibrinogen into fibrin, which plays a crucial role in 

haemostasis and thrombosis.53 In addition, thrombin aids in platelet aggregation to form blood 

clots. TBA undergoes a conformational change from ss to GQ upon thrombin introduction, along 

with the presence of a cationic metal (K+, Na+). The crystal structure of the TBA-thrombin complex 

has been reported by Padmanabhan et al. 1993, which demonstrates thrombin stacking with TBA’s 

thymine loops (T-loops) with high selectivity and sensitivity (Fig. 1-10).53 TBA is used as a proof-

of-concept aptamer because of its short length, easy purification and the structure of its complex 

with thrombin has been fully characterized.1,2  
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 Another interesting antiparallel aptamer is the ochratoxin A aptamer (OTAA). Ochratoxin 

A (OTA) is a mycotoxin that has been found in plenty of different food and beverages such as: 

wine, beer, wheat, grapes, and coffee.54 The OTA binding motif is not yet understood, but a study 

performed by Fadock and coworkers suggests OTA stacks within the GQ, but further studies are 

required to determine the binding site.55 In contrast to the TBA, the OTAA is a more 

toxicologically relevant bioreceptor and has greater interest in environmental detection strategies. 

Structural influences of hemicyanine dyes on the OTAA will be discussed further in Chapter 3.  

1.3.5. In Vitro Oligonucleotide Synthesis 

 Oligonucleotide synthesis can be completed in vitro using purchased phosphoramidites. To 

begin, the starting nucleotide is immobilized onto a bead, and dichloroacetic acid in 

dichloromethane (DCM) (3% v/v) is added to the following phosphoramidite to detritylize the 

oligonucleotide (Fig. 1-12). Next, the phosphate group of the incoming phosphoramidite is coupled 

with the 5′OH of the existing oligonucleotide. The phosphate group is then oxidized from P3 to P5. 

Finally, any excess hydroxyl groups from the oligonucleotide that are not coupled, are capped with 

acetic anhydride, thereby, inhibiting the unreacted oligonucleotide from coupling further. This 

cycle is repeated until the final oligonucleotide is complete. Incorporation of modifications into 

the aptamer require a modified phosphoramidite. 

Figure 1-11: Thrombin binding aptamer folding into it's GQ to bind Thrombin. 
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1.4. Fluorescent Modification of DNA Aptamers 

 DNA lacks an inherent fluorescent signal making the transition from ss to GQ difficult to 

monitor. By fluorescently modifying or tagging DNA, many research groups have been able to 

monitor GQ formation and target binding.28,56,57 Generally, there are three types of assays used to 

detect GQ formation: free dye, end label and internal labelling of the oligonucleotide. End labels 

and internal labels require a special type of organic synthesis called phosphoramidite chemistry.  

Figure 1-12: Solid-phase oligonucleotide synthesis cycle.   



17 

 

1.4.1. Phosphoramidite Chemistry 

 Preparation of modified bases to incorporate into oligonucleotides follows a three-step 

process (Scheme 1-1). The first step requires the exocyclic amine to be protected, which is usually 

done with dimethylformamide diethyl acetal or isobutyric anhydride. Next, the 5′OH is protected 

with the use of 4,4ʹ-dimethoxytrityl chloride (DMT-Cl). The primary alcohol of the deoxyribose 

sugar allows for selectivity over the 3ʹOH, due to steric hindrance. The DMT reaction is extremely 

moisture sensitive, because DMT-Cl can easily be hydrolyzed to DMT-OH, thus inhibiting product 

development. In addition, the DMT group can be easily removed in acidic conditions to yield a 

bright orange DMT cation. 

  

 Finally, the phosphorylating reagent is added onto the 3ʹOH to complete the 

phosphoramidite. Any moisture within the reaction will cause the phosphorylating reagent to 

hydrolyze (similar to DMT). Furthermore, any oxygen within the flask will oxidize the 

phosphorous atom from P3 to P5. Oxidation of the phosphorous group will inhibit the coupling step  

 

Scheme 1-1: Synthesis of a guanine phosphoramidite. 
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of in vitro oligonucleotide synthesis, thereby decreasing the oligonucleotide synthesis yield.  

Although internal label assays require these protecting groups, end label phosphoramidites only 

require the phosphorylating reagent to be added onto a hydroxyl group (Scheme 1-2). 

1.4.2. Free Dye Assays 

 Free dye assays are a simple and effective method to transduce bioreceptor conformational 

changes. Free dye assays manipulate the fluorophore’s solvatochromic properties (TICT, LE). 

Whilst the dye is free in solution, there is free rotation along the sigma bond, allowing the TICT 

state to form resulting in a quenched fluorescent signal. Upon aptamer addition, the dye can either 

stack or intercalate with the aptamer, transitioning the dye to the LE state, thereby enhancing the 

fluorescent signal (Fig.1-12a). In addition, the excitation wavelength of the fluorophore will red 

shift, which is an indication of aptamer binding, due to the energy transfer from the fluorophore to 

aptamer, resulting in lower energy required to excite the fluorescent dye.  

Scheme 1-2: Phosphoramidite of an end label. 
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 One advantage to free dye assay is that the fluorophores may be commercially available 

(e.g. thioflavin T and thiazole orange) (Fig. 1-13), providing an easily accessible assay to non-

synthetic labs. In addition, the fluorophore does not need to be covalently attached to the 

bioreceptor, providing a cheaper and more efficient biosensor. In contrast, using free dye assays it 

is difficult to determine exactly where the dye is interacting with the aptamer. This proves difficult 

when studying new aptamers or aptamers with unknown binding sites. However, CD spectra of 

the aptamer-dye complex can provide insight into how the dye is interacting with the bioreceptor 

Figure 1-13: A) Example of a free dye assay, B) End label assay, C) Internal dye assay 
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(groove binding, stacking etc.). Overall, free dye assays can be a preliminary step in the 

development of an industrial used detection platform. In addition, free dye assays are beneficial 

because they are inexpensive, simple and non-labour-intensive assay for GQ binding.  

1.4.3. End Label Assays 

 End label assays covalently link a fluorophore to the 5′ end of an aptamer to help detect 

GQ folding and can provide implications for target binding (Fig. 1-12b). In addition, many 

fluorescent end labels are commercially available and can demonstrate strong fluorescent signals 

upon target binding (fluorescein, FAM, TAMRA, etc.).58 End labels are in closer proximity and 

can stack stronger to the aptamer compared to their free dye counterparts, thus generating a 

stronger LE state fluorescent signal. It is worth mentioning there are many different assays that 

involve end labels such as: fluorescence resonance energy transfer (FRET) and photo-electron 

quenching (PET) which will not be discussed further.58–61  

 A disadvantage to end label assays is the difficulty and the complexity of covalently linking 

the fluorophore to the aptamer. First, the primary OH group needs to be phosphorylated, which 

requires oxygen and moisture free conditions. As a further complication, post oligonucleotide 

synthesis requires harsh deprotection conditions (e.g. conc. NH4OH, 50 oC) which can degrade or 

react with the fluorophore. Furthermore, end label assays have known to interrupt conformational 

preferences of GQ’s, which can cause complications for target binding.58 Overall, end label assays 

Figure 1-14: Structures of thioflavin T (left), and thiazole orange (right). 
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are difficult to prepare but they do have advantages when it comes to identifying the binding site 

of the GQ or implications regarding how sensitive GQ folding is to modifications. 

1.4.4. Internal Dye Assays 

 Internal probes are fluorescent molecules that can mimic the structural backbone of a 

nucleotide to incorporate within any position of the aptamer sequence. Synthesis of internal labels 

generally require palladium catalyzed coupling reactions (e.g. Suzuki-Miyaura coupling, Heck 

coupling) to fluorescently modify nucleotides at various positions.28,57,62–64 Once modified, solid 

phase oligonucleotide synthesis is used to incorporate the internal probe at various positions of the 

aptamer strand.  

 Internal labels can be incorporated in any position that could be beneficial to determine 

target binding.28,57 The Manderville laboratory has synthesized several internal labels to detect the 

presence of thrombin by modifying the 15-mer TBA (5’-GGTTGGTGTGGTTGG-3’).1,45,65 

Through these studies, incorporation of a fluorescent T analogue at the 3-position of TBA-15 

generated a turn-on emissive response to thrombin binding (Fig. 1-12c).65 As previously discussed, 

the fluorescent response is generated by the increased rigidity of the fluorophore, pushing the 

equilibrium of the fluorophore from the TICT state towards the LE state. In addition, the 

fluorescent response can be generated by the fluorophore-target interactions, either by stacking or 

increased hydrophobicity of the dye environment (i.e. protein binding), thereby demonstrating 

direct changes resulting from target binding.65 

 In comparison to the previous assays discussed, internal probes are less bulky, freedom of 

labelling close to a site of interest and lower interference with target binding.66 Furthermore, 

internal labels can demonstrate direct target-fluorophore interactions, by incorporation of the 

internal probe directly into the binding site of the aptamer. In summary, internal labels are more 
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difficult to incorporate but have a stronger potential to provide an efficient, sensitive biosensor for 

aptamer-target binding.  

1.5 Purpose of the Research 

 The purpose of the research outlined in this thesis was to investigate how hemicyanine dyes 

can serve as transducers for detection of thiolates and ochratoxin A. First, two simple hemicyanine 

dyes were investigated to determine product formation resulting from conjugate addition with 

sodium thiomethoxide, which serves as a representative thiolate. The two hemicyanine dyes 

employed for thiolate sensing contain the N-methylbenzothiazolium (Bt) or the N-methyl-3,3-

dimethylindolenium (Ind) acceptor moieties. The structures of these groups are discussed in detail 

(Chapter 2) and appear to be used interchangeably for anion sensing strategies. However, how the 

Bt or Ind acceptor groups influence the regioselectivity of thiolate attachment is unknown. The 

results detailed in Chapter 2 provide unambiguous NMR structural evidence for adduct structures 

and highlight that the Bt acceptor moiety is a better choice than Ind for thiolate detection strategies.  

 For OTA detection (Chapter 3), a variety of hemicyanine dyes were shown to bind 

effectively to the OTAA, which caused a dramatic increase in dye fluorescence intensity. The dyes 

were also employed as 5′-end labels for covalent attachment to OTAA, which also caused a 

dramatic increase in dye fluorescence. The synthesized hemicyanine dyes employed were 

compared to a commercially available oligonucleotide binder, to investigate how well OTA could 

displace the dye from the OTAA, resulting in quenched dye fluorescence intensity. The structural 

differences between the acceptor moieties of the hemicyanine dyes dictated their ability to be 

displaced by OTA, while the commercial dye was not displaced by the toxin. The structural 

influence of the dye:OTAA complex was investigated by CD spectroscopy, which demonstrated 

various conformations of the OTAA induced by dye binding. Overall, these studies indicate how 
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the acceptor moiety of the hemicyanine dye influences OTA binding to its corresponding aptamer, 

for the development of an OTA detection platform. 
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Chapter 2 : Unraveling the Products of Nucleophilic Substitution of 

Hemicyanine Dyes with Biological Thiols. 
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2.1 Introduction 

 Thiol and disulfides can be found throughout the environment both as natural and synthetic 

products.67 The most commonly found thiol found within the environment is cysteine (Cys) which 

is often crucial for enzyme function.67 In addition, derivatives of Cys such as, glutathione and 

lipoic acid can play essential roles in cellular function.67 While plants are able to synthesize Cys 

on their own, humans are only able to acquire Cys through consumption of plants and animal 

tissue, which generally requires cooking or preparation before consumption. Consequently, by 

cooking meat or vegetables, Cys can degrade to sodium thiomethoxide (NaSMe) and oxidize 

further to dimethyl disulfide.68 Although Cys is an essential thiol that is required for protein 

function, -SMe and dimethyl disulfide constitute redox reactions with various metals (FeII, CuII) 

within biological systems.67 These redox reactions generate free radical species which can cause 

numerous issues throughout the organism.67–69 

  

Figure 2-1: Examples of hemicyanine dyes that can react with various nucleophiles. 
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 Optical detection platforms for thiols within biological systems rely heavily on 

hemicyanine dyes.30 Due to their strong photochemical properties, via ICT (D-π-A), they have 

been utilized for molecular recognition and bioimaging.5,30,70 Traditionally, biological thiols have 

been detected through electrochemical detection and high performance liquid chromatography 

(HPLC).71 However, these methods require extensive sample preparation and only measure total 

thiol content.70,71 Although there are various approaches for thiol detection, optical techniques are 

the most convenient, cost effective and simple.71 

 The preferred optical method for thiol sensing hemicyanine dyes is through conjugate 

addition of the thiol to a hemicyanine dye.14,31,37,71–73 Conjugate addition of thiols can follow a 

Michael addition mechanism, wherein α, β-unsaturated carbons are susceptible to addition by a 

biological thiol to the C4 position (Fig. 2-1a).35,39 However, some hemicyanine dyes prefer 

reactivity at the C2 position (Fig. 2-1b). Once attached, a new blue-shifted absorbance band 

appears, along with the disappearance of the initial red-shifted absorbance band.74 Although 

impressive UV differences are observed between the dye and dye-thiol complex, the products are 

seldomly and unambiguously characterized through NMR analysis. In addition, dye-thiol 

complexes are unstable, resulting in difficulty acquiring mass spectrum for product analysis. 

 Further complications are due to the results of a study by Wang and coworkers that 

demonstrates solvolysis of the indolenium acceptor moiety generating a OH-adduct that displays 

Figure 2-2: The structures of PhInd and PhBt. 



27 

 

a blue shifted absorbance band, similar to a thiol adduct.30 Solvolysis products and the thiol 

addition products are impossible to distinguish through UV-Vis measurements, but can be 

distinguished through thorough NMR analysis. 

 Herein, we demonstrate two simple hemicyanine dyes with different acceptor moieties that 

are commonly employed as thiol sensors: (E)-N-methyl-N-(2-hydroxyethyl)-4-amino-phenyl-4-

vinyl-2-(N-methyl benzothiazolium) iodide (PhBt) and (E)-N-methyl-N-(2-hydroxyethyl)-4-

aminophenyl-4-vinyl-2-(N-methyl-3,3-dimethylindolenium) iodide (PhInd) (Fig. 2-2).  Hereby, 

demonstrating: 

1. the complexity of products that are being generated under different solvent conditions. 

2. display crucial chemical shifts to distinguish solvolysis and thiol addition products.  

2.2 Materials and Methods 

UV-Vis: 

All UV-Vis spectra were taken on a Cary 300- Bio UV-vis spectrophotometer (Agilent 

Technologies, Santa Clara, CA) equipped with a 6 x 6 multicell block-heating unit using quartz 

(114-QS) 10 mm light path cells. All UV-Vis samples of PhBt and PhInd were measured at 10 

μM in a 9:1 mixture of Acn:H2O. Each nucleophile was added at 1000 μM and left to incubate for 

30 minutes at room temperature. Each rate was measured in triplicate under the same conditions. 

Synthesis:  

2-methylbenzothiazole, iodomethane, N-methyl-N-(2-hydroxyethyl)-4-aminobenzaldehyde, and 

piperidine were purchased from Sigma Aldrich. 2,3,3-Trimethylindolene was purchased from AK 

Scientific. 
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Synthesis of (N)-Methyl-2-methylbenzothiazolium iodide:  

2-Methylbenzothiazole (2.0 g, 13.4 mmol) was dissolved in acetonitrile (10 mL). The solution was 

cooled to 0 oC and iodomethane (2.28 g, 16.0 mmol) was added dropwise. The reaction was left 

stirring overnight at room temperature. Diethyl ether (10 mL) was added to the solution and the 

precipitate was filtered and washed with diethyl ether (3x5 mL) to afford 2 (0.99 g, 25 %) as a 

white powder. (N)-Methyl-2-methylbenzothiazolium iodide is fully characterized by Song et al.10  

1H-NMR (CDCl3, 300 MHz) 3.18 (3H, s), 4.21 (3H, s), 7.81 (1H, t, J=9.1 Hz), 7.90 (1H, t, J=8.5 

Hz), 8.29 (1H, d, J=8.2 Hz), 8.45 (1H, d, J=8.8 Hz). 

 

Synthesis of (N)-Methyl-2,3,3-trimethylindolenium iodide: 

Using the same procedure as described previously to afford (N)-methyl-2,3,3-trimethylindolenium 

iodide (166 mg, 76%) as a pink powder. (N)-Methyl-2,3,3-trimethylindolenium iodide is fully 

characterized by Song et al.10  

1H-NMR (CDCl3, 300 MHz) 1.53 (6H, s), 2.77 (3H, d, J=0.6 Hz), 3.97 (3H, d, J=0.7 Hz), 7.63 

(2H, m), 7.83 (1H, m), 7.91 (1H, m). 

Synthesis of PhBt:   

 N-Methyl-N-(2-hydroxyethyl)-4-aminobenzaldehyde (268mg, 1.49 mmol), 1,2-

dimethylbenzothiazolium iodide (340 mg, 1.15 mmol) and 3 drops of piperidine (0.6 mL) were 

dissolved in EtOH (10 mL). The reaction was refluxed for 3 hours. The mixture was cooled to 

room temperature and diethyl ether (15 mL) was added. The precipitate was filtered and washed 

three times with diethyl ether, affording PhBt (356 mg, 68%) as a purple powder. 
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1H-NMR (DMSO-d6, 600 MHz)  3.12 (3H, s), 3.59 (2H, t, J=5.3 Hz), 3.62 (2H, t, J=5.6 Hz), 4.23 

(3H, s), 4.82 (1H, t, J=5.2 Hz), 6.88 (2H, d, J=8.9 Hz), 7.61 (1H, d, J=15.3 Hz), 7.68 (1H, t, J=7.3 

Hz), 7.79 (1H, t, J=7.3 Hz), 7.90 (2H, d, J=8.9 Hz), 8.06 (1H, d, J=15.2 Hz), 8.09 (1H, d, J=8.4 

Hz), 8.30 (1H, d, J=7.6 Hz). 

13C-NMR (DMSO-d6, 600 MHz) 34.97, 38.40, 53.41, 57.77, 105.45, 111.45, 115.36, 120.79, 

123.25, 126.22, 126.86, 128.30, 132.36, 141.43, 149.55, 152.56, 170.75. 

ESI-HRMS[M+]+ = mass calculated for C19H21N2OS+: 325.1369 m/z, mass found: 325.1357 m/z.  

Synthesis of PhInd: was synthesized using the same method as described above. PhInd (165 mg, 

34%) as a purple powder.  

1H-NMR (DMSO-d6, 600 MHz)  1.75 (6H, s), 3.17 (3H, s), 3.64 (4H, m), 3.97 (3H, s), 4.85 (1H, 

t, J=5.3 Hz), 6.92 (2H, d, J=9.0 Hz), 7.24 (1H, d, J=15.7 Hz), 7.48 (1H, t, J=7.5 Hz), 7.55 (1H, t, 

J=7.4 Hz), 7.70 (1H, d, J=8.0 Hz), 7.78 (1H, d, J=7.4 Hz), 8.06 (2H, d, J=8.4 Hz), 8.30 (1H, d, 

J=15.7 Hz). 

13C-NMR (DMSO-d6, 600 MHz) 26.74, 33.48, 51.28, 54.54, 58.85, 105.42, 112.76, 113.98, 

122.67, 123.09, 127.94, 129.16, 142.57, 142.99, 154.43, 154.64, 179.93. 

ESI-HRMS [M+]+ = mass calculated for C22H27N2O
+: 335.2118 m/z, mass found: 335.2114 m/z. 
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NMR: 

Synthesis of 2-1: To a Wilmad 5 mm diameter NMR tube, 300 

μL of PhBt (33 mM, DMSO-d6) was added and diluted with 300 

μL of DMSO-d6. NaSMe (1.0 M, H2O, 49 μL) was added to the 

tube. It was then inverted twice and left to incubate for 20 minutes to afford 2-1. The 1H, 13C, 

HSQC, HMBC NMR spectra were measured.  

1H-NMR (DMSO-d6:H2O (9:1), 600 MHz)  1.90 (3H, s), 2.87 (3H, s), 3.13 (3H, s), 3.34 (2H, t, 

J=6.4 Hz), 3.51 (2H, t, J=6.4 Hz), 4.25 (1H, d, J=9.6 Hz), 4.72 (1H, d, J=9.6 Hz), 6.62 (2H, d, 

J=8.8 Hz), 6.79 (1H, t, J=7.4 Hz), 6.83 (1H, d, J=8.0 Hz), 7.10 (1H, t, J=7.3 Hz), 7.18 (2H, d, J=8.7 

Hz), 7.29 (1H, d, J=7.6 Hz).  

13C-NMR (DMSO-d6:H2O (9:1), 600 MHz) 9.79, 14.73, 31.17, 50.00, 51.97, 54.64, 58.38, 89.98, 

108.05, 111.94, 120.08, 121.70, 123.20, 126.68, 128.52, 128.87, 143.94, 148.62. 

 

Synthesis of 2-2: To a Wilmad 5 mm diameter NMR tube, 300 μL 

of PhBt (33 mM, DMSO-d6) was added and diluted with 300 μL of 

D2O. NaSMe (1.0 M, H2O, 49 μL) was added to the tube. It was then 

inverted twice and left to incubate for 20 minutes to afford 6. The 1H, 

13C, HSQC, HMBC NMR spectra were then measured.  

1H-NMR (DMSO-d6:D2O (1:1), 600 MHz)  2.82 (3H, s), 3.07 (3H, s), 3.33 (2H, t, J=6.2 Hz), 3.50 

(2H, t, J=6.1 Hz), 5.88 (1H, d, J=15.7 Hz), 6.56 (2H, d, J=9.0 Hz), 6.76 (1H, dt, J= 7.3 and 1.6 

Hz), 6.83 (1H, dd, J= 7.7 and 1.5 Hz), 6.92 (1H, dt, J= 7.2 and 1.6 Hz), 7.09 (2H, d, J=8.9 Hz), 

7.20 (1H, d, J=15.6 Hz), 7.39 (1H, dd, J= 7.9 and 1.4 Hz).  
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13C-NMR (DMSO-d6:D2O (1:1), 600 MHz) 36.36, 48.92, 54.16, 59.16, 112.71, 115.35, 121.91, 

123.10, 128.36, 128.68, 130.25, 136.81, 141.52, 144.13, 150.20, 151.28, 169.29. 

ESI-LRMS [M-H]- = mass calculated for C19H21N2O2S: 341.13 m/z, mass found: 341.07 m/z. 

Synthesis of 2-3: To a Wilmad 5 mm diameter NMR tube, 

300 μL of PhInd (33 mM, DMSO-d6) was added and 

diluted with 300 μL of D2O. NaSMe (1.0 M, H2O, 49 μL) 

was added to the tube. It was then inverted twice and left 

to incubate for 20 minutes to afford 2-3. The 1H, 13C, HSQC, HMBC NMR spectra were measured.  

1H-NMR (DMSO-d6:D2O (1:1), 600 MHz) 0.94 (3H, s), 1.15 (3H, s), 2.55 (3H, s), 2.84 (3H, s), 

3.36 (2H, t, J=6.1 Hz), 3.55 (2H, t, J=6.2 Hz), 5.98 (1H, d, J=16.1 Hz), 6.47 (1H, d, J=7.7 Hz), 

6.59 (1H, d, J=16.1 Hz), 6.68 (3H, m), 6.99 (1H, d, J=7.1 Hz), 7.03 (1H, dt, J= 6.5 and 2.8 Hz), 

7.26 (2H, d, J=8.8 Hz). 

13C-NMR (DMSO-d6:D2O (1:1), 600 MHz) 19.96, 26.96, 28.90, 48.27, 48.60, 53.85, 58.44, 

100.41, 107.87, 112.70, 119.03, 121.95, 123.62, 124.54, 127.81, 127.99, 132.27, 138.14, 149.09, 

149.41. 
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2.3 Results and Discussion 

 The UV-Vis absorbances of PhBt and PhInd display peaks at 525 nm (εmax= 48,974 M-1cm-

1 in water) and 540 nm, respectively. Upon reacting with several nucleophiles, two nucleophiles 

(NaSMe and NaOH) demonstrated new blue-shifted UV bands, and caused the disappearance of 

the starting dye absorbance at 525 and 540 nm (Fig. 2-3c). Meanwhile, the other tested 

nucleophiles displayed no changes in dye absorbance, indicating that they were unable to react 

with the dye. The product from reaction of PhBt with NaSMe demonstrated a broad, low intensity 

UV band peaking at 300 nm (Fig. 2-3a). In contrast, the product from reaction of PhBt with NaOH 

displayed a sharper UV band peaking at 360 nm with increased intensity compared to the SMe 

product. Interestingly, the PhBt-OH adduct displays a red-shifted UV band (Δ60 nm) compared to 

the SMe-adduct. Under these circumstances, the PhBt demonstrates separate product formation 

upon reaction with NaOH and NaSMe. In comparison, PhInd demonstrates two blue-shifted UV 

bands upon reacting with NaOH (λ=310 nm) and NaSMe (λ=295 nm), both with similar intensities 

(Fig. 2-3b). Interestingly, the PhInd-OH and PhInd-SMe adducts display close absorbance 

wavelengths (Δ15 nm), suggesting the product structures may be similar. Further rigorous NMR 

experiments were carried out to provide product identification.  

 

 

 

 

 



33 

 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

250 350 450 550

A
b

so
rb

an
ce

 (
a.

u
.)

Wavelength (nm)

PhBt

NaOH
NaSMe

Figure 2-3: Each nucleophile was incubated for 30 minutes upon addition to PhBt or PhInd. Each 

reaction was carried out in 9:1 Acn:H2O with 100 eq. of nucleophile. A) UV-Vis absorbances (λ 

=525 nm) of PhBt (10 μM) upon addition of NaSMe and NaOH B) UV-Vis absorbances (λ =540 

nm) of PhInd (10 μM) upon addition of NaSMe and NaOH. C) Bar graph of PhBt displaying the 

absorbance at 525 nm upon addition of each nucleophile. 
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2.3.1 Thiol Addition on PhBt 

 Two different reaction conditions  were investigated when reacting PhBt with NaSMe that 

mimicked common solvent conditions for several anion detection strategies.37,73,75 The reaction 

was carried out in both 9:1 and 1:1 DMSO-d6:D2O with the addition of 5 eqv. of NaSMe. 

 The PhBt starting material exhibits 10 downfield protons in the 7.5-8.5 ppm region (Fig. 

2-4a), that include 8 distinct aromatic protons and two trans-alkene protons (Ha (8.06 ppm), Hb 

(7.61 ppm)) that are readily distinguished by their large coupling constant (J=15.8 Hz). In 9:1 

DMSO-d6:D2O (Fig. 2-4b) the product displays loss of the trans alkene protons with the 

appearance of two new upfield protons at ~4.4 and 4.6 ppm (J=7 Hz). This observation indicates 

Figure 2-4: Proton NMR spectra of PhBt starting material (red, A), in 9:1 DMSO-d6:D2O (blue, 

B) with 5 eqv. of NaSMe and 1:1 DMSO-d6:D2O (black, C) with 5 eqv. of NaSMe. 

B) 

C) 

A) 
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that nucleophilic addition occurred at the C4-position of PhBt. Subsequently, there is an upfield 

shift of the aromatic region, as a result of the positively charged acceptor no longer pulling electron 

density away from the aromatic protons,30,33 resulting in more electron density throughout the 

aromatic region and stronger shielded protons. For example, the four protons on the bt ring 

resonating at ~7.6-8.4 ppm in the starting material have shifted upfield to ~6.8-7.4 ppm. In contrast, 

the product generated in 1:1 DMSO-d6:D2O displays a different proton spectrum pattern (Fig. 2-

4c). The aromatic region shifts upfield much like the 9:1 product, but doesn’t display protons at 

4.4 and 4.6 ppm. However, two trans-alkene protons are still observed, but resonate upfield at ~5.9 

and 7.3 ppm (J=15.7 Hz). When examining the 13C NMR spectrum of the product produced in 9:1  

DMSO-d6:D2O, the aromatic carbons shift upfield compared to the starting material, similar to the 

A) 

Figure 2-5: 13C NMR spectra of PhBt starting material (red, A), in 9:1 DMSO-d6:D2O (blue, B) 

with 5 eqv. of NaSMe and 1:1 DMSO-d6:D2O (black, C) with 5 eqv. of NaSMe. 

 

B) 

C) 
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proton NMR spectra (Fig. 2-5A, B). In addition, there is no 13C NMR chemical shift resonating 

past 148 ppm, indicating the product generated in 9:1 DMSO-d6:D2O favours the enol tautomer 

upon nucleophilic addition of -SMe. However, in 1:1 DMSO-d6:D2O, the product displays a carbon 

chemical shift downfield at 169 ppm, suggesting the presence of a carbonyl carbon within the 

molecule (Fig. 2-5c).  Investigating the nature of the product further, its ESI- spectrum displayed 

a parent ion peak at 341.04 [M-H]- indicating the addition of 16 m/z units to the starting dye PhBt, 

suggesting the addition of an oxygen atom. Unambiguous structural assignment was achieved 

through 2D NMR experiments (HSQC, HMBC) that provided direct correlations between Ha and 

Hb with C1 (C=O) (Fig. 2-6). Based on this information the proposed structure is a ring opened 

product formed through solvolysis of PhBt with hydroxide. The proposed mechanism shows -SMe 

deprotonating water in an unfavourable equilibrium to form OH- and HSMe (Scheme 2-1). Next, 

Ha Hb 

C1 

C2 

Figure 2-6: HMBC slices of Ha and Hb correlating with C1,C2 and C3  in 1:1 DMSO-d6:D2O. 

C3 
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the hydroxide generated in high water content reacts with PhBt at the C2 position and undergoes 

a proton transfer with a base, followed by a ring opening mechanism to form a thermodynamically 

stable amide (Scheme 2-1). Interestingly, this ring opened product has never been shown within 

the literature and displays a red shifted UV band relative to the 4-SMe product. This indicates 

NaSMe is being detected indirectly in 1:1 solvent mixtures through the generation of hydroxide, 

that subsequently reacts with PhBt to produce the ring opened product. 

 

2.3.1.1 Addition of SMe at the C4-Position of PhBt 

 To confirm SMe addition at C4 of PhBt in 9:1 DMSO-d6:D2O, 2D NMR experiments were 

also carried out (Fig. 2-7). The HSQC NMR spectrum determined that the proton at the C4-position 

(Ha, 4.3 ppm) correlated to the C4 carbon (51.9 ppm) and that the protons on the SMe (Hb, 1.9 

ppm) correlated with C5 (14.7 ppm). Furthermore, the HMBC spectrum determined there was a 

Scheme 2-1: Proposed mechanism for the hydroxide catalyzed ring-opened product. 
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correlation between the protons at 1.9 ppm (SMe) with C4 and a subsequent correlation between 

Ha with C5; confirming the addition of SMe to the C4 position of PhBt. This indicates while in 

polar aprotic solvent conditions, SMe adds to the C4-position of PhBt, thus directly detecting SMe. 

In addition, while undergoing C4-addition, the product has the ability to tautomerize, forming a 

C4 adduct (enol) or C2,C4 diadduct (keto). In this case, the enol tautomer is more prevalent due 

to diagnostic enamine carbon chemical shifts displayed at 145 ppm and 90 ppm that correlate to 

the C2 and C3 carbons.76 In comparison, by altering the solvent conditions to 1:1 DMSO:D2O, the 

reaction centre and nucleophile can be manipulated. While in 1:1 DMSO-d6:D2O, hydroxide 

exclusively reacts at the C2 position, generating the similar optical changes, but forms a separate 

Figure 2-7: 2D NMR slices of the C4-SMe adduct produced in 9:1 DMSO-d6:D2O. A) HSQC of 

Ha and Hc (black, B) HMBC of Hb (green), C) HMBC of Ha and Hc (blue), D) HSQC of Hb 

(red).  
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ring opened product. To summarize, by altering the solvent conditions, PhBt demonstrates optical 

thiol detection in a direct (1-4 product) or an indirect manner (1-2 product).  

2.3.2 Solvolysis of PhInd 

 The same experiments were carried out for PhInd and, surprisingly, different products were 

produced. In 9:1 DMSO-d6:D2O one major product was formed that contains the two trans alkene 

protons (Ha, Hb), suggesting nucleophilic  addition at the C2-position (Fig. 2-8b). Moreover, when 

the reaction was carried out in 1:1 DMSO-d6:D2O, the same C2-product was produced (Fig. 2-8c). 

Compared to the PhInd starting material, the upfield shift of the aromatic region is prevalent in the 

C2-product, indicating the aromatic region is more shielded. Although the C2-product produced 

by -SMe addition to PhInd had proton NMR characteristics similar to the ring-opened product of 

PhBt from reaction with hydroxide, the PhInd ring is unable undergo ring opening because the -

C(CH3)2 group is not a good leaving group compared to the free sulfur atom on the Bt moiety. 

Additionally, the two upfield methyl protons (~0.95 ppm) provide further evidence of the C2 

Figure 2-8: Proton NMR spectra of A) PhInd starting material (red), B) in 9:1 DMSO-d6:D2O 

(blue) and in C) 1:1 DMSO-d6:D2O (black) with 5 eqv. of NaSMe. 

A) 

B) 

C) 
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reaction site because they are split into two separate peaks upon nucleophilic addition, stemming 

from a chiral carbon (C2) in proximity to the methyl groups (Appendix 1).  

 The 2D NMR spectra of the C2-product in both solvent conditions provided unambiguous 

structural assignment for a C2-OH adduct. The C2 carbon is observed at 101 ppm (See Appendix 

I). In both solvent mixtures, the HMBC spectra demonstrates no correlation between the dye 

carbon atoms and the SMe protons (Fig. 2-9). Therefore, in both solvent conditions, PhInd 

undergoes solvolysis with hydroxide attachment at C2 suggesting that the dye detects NaSMe in 

an indirect manner, as SMe is required to generate hydroxide. 

2.3.3. 1-2 vs 1-4 Adduct comparison 

 In 9:1 DMSO-d6:D2O, PhBt reacts exclusively with SMe to produce the C4-product 

through a Michael addition type mechanism. However, in 1:1 DMSO-d6:D2O the only product 

detected by NMR was the ring opened product produced through solvolysis at the C2-position by 

initial reaction of the dye with hydroxide generated from and unfavourable equilibrium between 

Figure 2-9: HMBC spectrum of the solvolysis product of PhInd. No effort has been made to 

distinguish Hd and He. 
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water and -SMe. Clearly, by altering the solvent conditions, the regioselectivity of the addition 

products are different. By increasing the water content, there is a higher propensity for hydroxide 

generation based on the pKa values of the conjugate acids. For example, in high DMSO conditions 

the pKa of HSMe is ~17.1, based on the pKa of ethanethiol (HSEt) in DMSO,77,78 while the pKa 

of water in DMSO is 36.7,78 for a ΔpKa of 19.6 (Table 2-1). In contrast, in high water content, the 

pKa of water decreases to around 15.7 and the pKa of HSMe decreases to 10.4,77 for a ΔpKa of 

5.3. Based on the pKa’s of the nucleophiles, the thiolate is strongly favoured. In addition, as the 

DMSO content increases, the concentration of hydroxide decreases, suggesting hydroxide is 

unable to conjugate to the PhBt. However, the reactivity of hydroxide increases in 1:1 DMSO:H2O 

content, because in polar aprotic solvents nucleophilicity mirrors basicity, along with an increased 

concentration of hydroxide. Therefore, in the 1:1 solvent mixture, both dyes exhibit C2 reactivity 

with hydroxide, with PhBt undergoing ring-opening to form the stable conjugated amide. The 

surprising result was that the PhInd dye also underwent solvolysis in high DMSO content. 

Consequently, a key question is the following: Does PhInd react with -SMe to produce an adduct 

prior to the first NMR observation and decompose too rapidly to detect? The differences in 

reactivity of the two dyes is discussed in the following section. 

Table 2-1: pKa changes of the two nucleophiles in different solvent conditions.   

 

 

 

 

 

Nucleophile Solvent pKa ΔpKa 

HSMe 

HOH 

DMSO 17.1     19.6 

DMSO 36.7  

HSMe 

HOH 

H2O 

H2O 

10.4  

15.7  

     5.3 
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2.3.4 PhBt vs PhInd 

 Interestingly, both PhInd and PhBt react with hydroxide preferentially at the C2-position. 

In contrast, PhBt reacts with -SMe preferentially at the C4-position, while we were unable to 

provide direct NMR evidence for reaction of PhInd with -SMe. The only difference between the 

two dyes is the S/C(CH3)2 groups on the acceptor moiety. Relative DFT energy calculations carried 

out by the Wetmore laboratory (Table 2-2) provide insight into the relative thermodynamic 

stabilities of the various C2- and C4-adducts produced from reaction of the dyes with -SMe and 

hydroxide. According to the DFT calculations, the C4-SMe product of PhBt is 27.2 kJ/mol more 

stable than the putative C2-SMe product. The calculations correlate with our NMR data, in that 

the C4-product was the only product detected from the reaction of PhBt with -SMe (Fig. 2-10A). 

In contrast, the thermodynamic calculations predict that the C2-SMe than the C4 product by 10.3 

kJ/mol with reactions of -SMe with PhInd, thus suggesting that the regioselectivity is altered by 

changing the S atom to the -C(CH3)2 group in the acceptor. For the OH adducts, the thermodynamic 

calculations suggest that C2-OH adducts are favoured over C4-OH adducts by ~10 kJ/mol. This is 

also consistent with our NMR data in which only C2-OH adducts were observed. Interestingly, the 

calculations also predict the ring-opened amide product is more stable than the C2-OH adduct of 

Figure 2-10: Relative energies of PhBt of the SMe adducts (A) and the OH adducts (B) calculated 

in the gas phase. 
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PhBt by 7.7 kJ/mol (Fig. 2-10b). Further work by the Wetmore laboratory will provide insight into 

the relative kinetic energies of nucleophilic addition of hydroxide and -SMe with PhBt and PhInd. 

Table 2-2: Relative energies of the adducts being formed for both hemicyanine dyes. Energies in 

brackets represent intermediate compound energies. 

Adduct Relative Energy (kJ/Mol) Adduct Relative Energy (kJ/Mol) 

PhBt 1-2 SMe 27.2 PhInd 1-4 SMe 10.3 

PhBt 1-4 SMe 0 PhInd 1-2 SMe 0 

PhBt 1-4 OH 7.8 PhInd 1-4 OH 10.1 

PhBt 1-2 OH 0 PhInd 1-2 OH 0 

   

2.3.5 NMR Fingerprints for the Adducts  

 Here we show NMR fingerprints of the SMe and OH adducts for both dyes. From the 1H 

NMR, the reaction site is discerned. The C2-products display a diagnostic trans-alkene proton for 

the C3 position at ~6 ppm that is coupled to the C4 proton, which resonates at ~7 ppm (J=15.7 

Figure 2-11: Relative energies of PhInd for the SMe adduct (A) and the OH adducts (B). 
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Hz). In contrast, the C4-product displays a pair of doublets in the 4.5 ppm region (J=7 Hz). The 

13C NMR chemical shifts provide information regarding the nature of the C2 position. The 

chemical shift of the C2 carbon of PhInd is 179 ppm, compared to 172 ppm for the PhBt C2 carbon. 

Therefore, the C2 carbon of PhInd is more electron deficient compared to PhBt and consequently 

demonstrates greater C2 reactivity. Attachment of hydroxide at C2 of PhInd causes the C2 carbon 

to shift upfield to 101 ppm. This is a sp3-hybridized carbon with a downfield chemical shift which 

can be attributed to the highly strained ring carbon, along with two electronegative heteroatoms 

(N, O) directly attached to C2. The C2 chemical shift of the ring-opened product was observed 

resonating at 169 ppm indicating an amide carbonyl carbon. For the C4-SMe adduct, the C2 carbon 

resonates at 144 ppm, while the C3 carbon is observed at 89 ppm. The large difference of the 

chemical shifts is diagnostic for a resonance stabilized enamine. 
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Table 2-3: Chemical shifts (ppm) of the 1-4 positions of the PhBt and PhInd reacting with SMe 

and OH. 

 

 

 

2.4 Conclusions 

 In conclusion, we have demonstrated the complexity of the products generated by reacting 

two hemicyanine dyes that contain commonly employed acceptor moieties (Ind and Bt) with 

NaSMe in various solvent conditions. In 9:1 DMSO:D2O, PhBt reacts with -SMe at the C4-position 

generating a resonance stabilized enamine moiety, thereby demonstrating direct detection of 

NaSMe. However, PhInd is unable to react with -SMe under the same reaction conditions and 

instead forms a C2-OH adduct upon reacting with hydroxide that is generated by -SMe. In 1:1 

Dye Nuclei N1-CH3 C2 C3 C4 SMe 

X=S 1H 

13C 

4.22 

35.3 

- 

171.8 

7.61 

105.7 

8.06 

149.6 

N/A 

C4-SMe  1H 

13C 

3.13 

30.0 

- 

143.9 

4.72 

89.3 

4.25 

51.1 

1.90 

13.9 

C2-C=O  1H 

13C 

3.06 

36.3 

- 

169.3 

5.83 

115.4 

7.00 

141.5 

N/A 

X = -C(CH3)2 
1H 

13C 

3.96 

32.8 

- 

178.9 

7.24 

104.5 

8.29 

153.7 

N/A 

C2-OH  1H 

13C 

2.55 

29.6 

- 

101.2 

5.98 

124.5 

6.58 

132.3 

N/A 
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DMSO:D2O, both PhInd and PhBt form hydroxylated adducts at the C2-position, with the latter 

undergoing a ring-opening mechanism to form a thermodynamically stable amide. Here, we have 

displayed unambiguous NMR evidence for the adducts by providing 1H and 13C NMR chemical 

shift fingerprints to aid in product identification. Overall, the Bt moiety serves as a better acceptor 

for thiolate detection strategies using hemicyanine dyes because it shows greater selectivity toward 

the thiolate nucleophile. In contrast, the Ind acceptor exhibits greater reactivity toward 

nucleophilic attachment and hence exhibits less selectivity and greater propensity to undergo 

solvolysis.  
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Chapter 3 : The Structural Impact of Hemicyanine Dyes with the 

Ochratoxin A Aptamer: Implications for Target Binding. 

 

  



48 

 

3.1 Introduction 

 DNA aptamers are single-stranded oligonucleotides that can bind to target molecules with 

high selectivity and affinity.55,79 Traditionally, antibodies have been used as biosensors due to their 

excellent selectivity to their target molecule, but DNA aptamers have the potential to replace 

antibodies due to their low cost, in vitro synthesis, and higher chemical stability.15,16,80 In addition, 

aptamer modification is much easier compared to antibody modification, which allows for 

fluorescent modification of aptamer sequences more accessible.1,2  

 Ochratoxin A (OTA) is a mycotoxin that is a contaminant in many food stuffs such as: 

wine, grapes, coffee, dried fruits and cereals.81,82 OTA is produced by several fungal species of 

genera Aspergillus and Penicillium.19 Moreover, OTA is a nephrotoxin, immune suppressant, 

teratogen and carcinogen.81 Given its toxicity and world-wide occurrence, a quick, efficient and 

sensitive OTA detection platform is a welcomed commodity.55,81  

 Several analytical techniques have been reported for OTA detection,81,83 which typically 

include labour intensive, machine based detection methods that require tedious sample preparation 

and expensive machinery (e.g. HPLC).81 In addition, OTA is heterogeneously distributed 

throughout the sample, which forces large sample sizes to be taken for these methods (5-10 lb. for 

grain samples).81 Furthermore, the most applicable method has been employed by the Association 

of Official Analytical Chemists, which loads a chloroform extract onto a silica gel column, and 

OTA is eluted with acetic acid-benzene.54,81 This method is simple and sensitive, but is labour 

Figure 3-1: Structure of Ochratoxin A (OTA). 
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intensive and requires a difficult cleanup.81 Therefore, an optical, aptasensor based detection 

platform for OTA will provide a quick, cheap, and easy alternative to screen small food sample 

sizes compared to traditional methods.  

  

Figure 3-2: Proposed structure of the OTAA and different conformations of antiparallel 

quadruplexes. 

Figure 3-2 was extracted from: Fadock, K. L.; Manderville, R. A. ACS Omega 2017, 2 (8), 4955–

4963.  
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 Common optical detection platforms for aptasensor development utilize fluorophores 

called hemicyanine dyes.84,85 Due to their long fluorescent wavelengths and large Stokes shifts, 

these dyes can respond well to aptamers, producing dramatic fluorescent signals in the visible 

region. Generally, hemicyanine dyes bind to GQ’s in two different ways; either through π-stacking 

or groove binding with the aptamer. Circular dichroism (CD) spectroscopy is utilized to provide 

insights into how the dye interacts with the aptamer by measuring an induced CD (ICD) band.49 A 

positive ICD indicates groove binding, while a negative ICD band indicates π-stacking.49 CD 

spectroscopy is a powerful tool to provide structural impacts of the hemicyanine dye to the OTAA. 

 The OTAA forms an antiparallel quadruplex in the absence and presence of OTA. Recent 

findings from the Manderville laboratory confirmed the antiparallel topology as –(lll) (where “l” 

means a lateral loop, and “d” relates to a diagonal loop), indicating that the two G-tetrads are 

connected by three lateral loops. Other antiparallel topologies containing two G-tetrads can exhibit 

different loop directionalities (-ld+l, +ld-l) (Fig. 3-2).19,86,87 Aptamer based detection platforms for 

OTA have been explored in numerous ways and the simplest approach is to use a free dye, label-

free assay. These assays typically employ a commercially available fluorescent dye that either 

exhibits turn-on emission when bound to a duplex DNA structure or a GQ. By undergoing a 

conformational change from duplex to GQ upon OTA binding, the signal can turn-off (duplex 

binder) or turn-on (GQ binder), resulting in the ability to monitor duplex to quadruplex formation 

(Fig. 3-3).88–90 However, typical free dye assays that require complementary strands are prone to 

false positives if the complementary strand is too short, or inhibit dissociation of the duplex if the 

strand is too long. As a further complication, the fluorescent signal can take time to develop due 

to the need of the dissociation of the complementary strand from the aptamer sequence. Therefore, 
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an aptasensor detection platform that does not require a complementary strand would prove useful 

for a quick, uncomplicated assay for OTA detection. 

 Herein, we report structure activity relationships for OTA detection using a free dye assay 

involving multiple hemicyanine dyes with alternative acceptor moieties. All the employed 

hemicyanine dyes exhibited a turn-on emission response to the OTAA. However, only certain dyes 

displayed a turn-off response upon OTA binding to the aptamer, suggesting displacement of the 

dye from OTAA by the target toxin. Furthermore, structural influence of the hemicyanine dyes to 

the OTAA antiparallel topology was explored using CD spectroscopy. These experiments 

demonstrated the propensity of the hemicyanine dye to cause a structural change to the antiparallel 

topology produced by OTAA for effective OTA binding. In addition, two of the hemicyanine dyes 

were converted into phosphoramidites and attached to the 5′ end of OTAA. Unfortunately, the 

labeled aptamers did not produce a significant change in fluorescence emission between the free 

aptamer and the aptamer:OTA complex.  

 

Figure 3-3: Example of a typical label free OTA detection-based assay.  
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3.2 Materials and Methods 

Synthesis: 

2-Methylbenzothiazole, 4-methylpyridine, 4-methylquinoline, 2-methylquinoline, iodomethane, 

N-methyl-N-(2-hydroxyethyl)-4-aminobenzaldehyde, thioflavin T, and piperidine were purchased 

from Sigma Aldrich. β-cyanoethylphosphoramidite-Cl was purchased from ChemGenes 

(Wilmington, MA). 

General Procedure for the methylation of acceptor rings: 2-Methylbenzothiazole, 4-

methylpyridine, 4-methylquinoline or 2-methylquinoline (13.4 mmol) was dissolved in 

acetonitrile (10 mL). The solution was cooled to 0o C and iodomethane (16.0 mmol) was added 

dropwise. The reaction was left stirring overnight at room temperature. Diethyl ether (10 mL) was 

added to the solution and the precipitate was filtered and washed with diethyl ether (3x5 mL) to 

afford the methylated acceptor.  

Synthesis of 1-4 was completed using the procedure previously described,  

1 as a white powder (Yield=50%). 1 is fully characterized by Alganzory et al.91  

1H NMR (CDCl3, 300 MHz) 3.18 (3H, s), 4.21 (3H, s), 7.81 (1H, t, J=9.1 Hz), 7.90 

(1H, t, J=8.5 Hz), 8.29 (1H, d, J=8.2 Hz), 8.45 (1H, d, J=8.8 Hz). 

2 as a white powder (Yield=95%). 2 is fully characterized by Hayes et al.92  

1H-NMR (CDCl3, 300 MHz) 2.60 (3H, s), 4.28 (3H, s), 7.96 (2H, d, J=6.4 Hz), 8.83 

(2H, d, J=6.6 Hz). 
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3 as a yellow powder (Yield=85%). 3 is fully characterized by Lu et al.93  

1H-NMR (CDCl3, 300 MHz) 3.09 (3H, s), 4.45 (3H, s), 8.00 (1H, dt, J= 7.2, 0.6 

Hz), 8.13 (1H, d, J=8.6 Hz), 8.23 (1H, dt, J=7.2, 1.5 Hz), 8.41 (1H, dd, J=8.1, 1.4 

Hz), 8.60 (1H, dd, J=9.0, 0.4 Hz), 9.11 (1H, d, J=8.5 Hz). 

4 as a yellow powder (Yield=90%). 4 is fully characterized by Lu et al. 2017.93  

1H-NMR (CDCl3, 300 MHz) 2.99 (3H, s), 4.57 (3H, s), 8.05 (2H, t, J=7.2 Hz), 8.26 

(1H, m), 8.47 (1H, d, J=8.8 Hz), 8.52 (1H, dd, J=8.46, 0.9 Hz), 9.35 (1H, d, J=6.0 

Hz). 

 

General Procedure for the synthesis of the Hemicyanine Dyes:   

 N-Methyl-N-(2-hydroxyethyl)-4-aminobenzaldehyde (268 mg, 1.49 mmol), 1-4 (340 mg, 

1.15 mmol) and 3 drops of piperidine (0.6 mL) were dissolved in EtOH (10 mL). The reaction was 

refluxed for 3 hours. The mixture was cooled to room temperature anccd diethyl ether (15 mL) 

was added. The precipitate was filtered and washed three times with diethyl ether, affording: 
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2-BP as a purple powder (Yield=68%).  

1H-NMR (DMSO-d6, 600 MHz)  3.12 (3H, s), 3.59 (2H, t, 

J=5.3 Hz), 3.62 (2H, t, J=5.6 Hz), 4.23 (3H, s), 4.82 (1H, t, 

J=5.2 Hz), 6.88 (2H, d, J=8.9 Hz), 7.61 (1H, d, J=15.3 Hz), 7.68 (1H, t, J=7.3 Hz), 7.79 (1H, t, 

J=7.3 Hz), 7.90 (2H, d, J=8.9 Hz), 8.06 (1H, d, J=15.2 Hz), 8.09 (1H, d, J=8.4 Hz), 8.30 (1H, d, 

J=7.6 Hz). 

13C-NMR (DMSO-d6, 400 MHz) 34.97, 38.40, 53.41, 57.77, 105.45, 111.45, 115.36, 120.79, 

123.25, 126.22, 126.86, 128.30, 132.36, 141.43, 149.55, 152.56, 170.75. 

4-QP as a dark purple powder (Yield=80%) and is fully 

characterized by Wang et al. 2002:94  

1H-NMR (DMSO-d6, 300 MHz)  3.10 (1H, s), 3.56 (1H, t, 

J=5.7 Hz), 3.62 (1H, t, J=5.2 Hz), 4.45 (1H, s), 4.80 (1H, t, J=5.3 Hz), 6.85 (1H, d, J=8.9 Hz), 7.86 

(1H, d, J=8.9 Hz), 7.99 (1H, m), 8.20 (1H, m), 8.34 (1H, d, J=6.9 Hz), 9.03 (1H, d, J=8.5 Hz), 9.11 

(1H, d, J=6.8 Hz). 

13C-NMR (DMSO-d6, 400 MHz) 39.33, 44.46, 54.39, 58.72, 112.24, 113.27, 114.28, 119.50, 

123.27, 126.20, 126.80, 129.00, 131.94, 135.07, 139.27, 145.21, 147.17, 152.13, 153.64. 

2-QP (Yield=78%) as a dark purple powder:  

1H-NMR (DMSO-d6, 300 MHz)  3.09 (1H, s), 3.56 (1H, d, 

J=5.2 Hz), 3.62 (1H, t, J=5.0 Hz), 4.44 (1H, s), 4.81 (1H, t, 

J=5.2 Hz), 6.84 (1H, d, J=8.8 Hz), 7.53 (1H, d, J=15.4 Hz), 
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7.84 (1H, m), 8.08 (1H, t, J=7.9 Hz), 8.25 (1H, m), 8.42 (1H, d, J=8.8 Hz), 8.51 (1H, d, J=9.2 Hz), 

8.79 (1H, d, J=9.1 Hz). 

13C-NMR (DMSO-d6, 400 MHz) 39.45, 54.38, 58.74, 111.97, 112.25, 119.27, 120.64, 122.67, 

127.21, 128.42, 130.24, 132.58, 134.57, 139.68, 142.20, 149.40, 152.79, 156.76. 

ESI-HRMS [M+]: Mass calculated for C21H23N2O
+: 319.1805 m/z, Mass found: 319.1806 m/z. 

4-PP (Yield= 90%) as an orange powder and is fully characterized by Wu et al. 201195: 

1H-NMR (CDCl3, 300 MHz)  3.31 (3H, s), 3.59 (4H, t, J=5.1 

Hz), 4.21 (3H, s), 4.78 (1H, d, J=5.0 Hz), 6.84 (2H, d, J=8.4 

Hz), 7.57 (1H, d, J=15.2 Hz), 7.62 (1H, t, J=7.5 Hz), 7.76 (1H, 

t, J=7.7 Hz), 7.87 (2H, d, J=8.5 Hz), 8.04 (2H, m), 8.28 (1H, d, J=7.9 Hz). 

13C-NMR (CDCl3, 400 MHz) 35.52, 53.91, 58.27, 105.93, 111.12, 111.92, 115.84, 121.27, 123.73, 

126.70, 127.33, 128.78,  

General Method for phosphoramidite synthesis: 

Each hemicyanine dye (200 mg) was placed in a 100 mL round bottomed flask and was co-

evaporated from dry toluene (3x7 mL). The flask was reversed filled with argon and dissolved in 

dry DCM (10 mL). Recently distilled triethylamine (1.0 mL, 4 eqv.) was added to the flask along 

with the phosphorylating agent (1.5 mL, 1.2 eqv.). The reaction mixture was stirred for 30 minutes 

and the solvent volume was reduced to ~1 mL under reduced pressure. The mixture was added to 

dry hexane (10 mL) and the precipitate was stirred and was washed with dry hexane (3x10 mL). 

The product was dried under reduced pressure and was subjected to solid phase oligonucleotide 
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synthesis directly afterwards. The % yield was calculated based on the P3 % of the 

phosphoramidite. 

Synthesis of 4-PP phosphoramidite: 

4-PP phosphoramidite was synthesized using the procedure 

described above (Yield = 95% P3) 

ESI-HRMS [M+]+: Mass calculated for C26H38N4O2P
+: 

469.2727 m/z, mass found: 469.2719 m/z. 

1H-NMR (DMSO-d6, 300 MHz)  1.06 (5H, d, J=7.2 Hz), 1.11 (5H, J= 7.2 Hz) 2.73 (1H, t, J=5.8 

Hz), 3.05 (1H, s), 3.53 (2H, m), 3.72 (5H, m), 4.18 (1H, s), 6.82 (1H, d, J=8.6 Hz), 7.16 (1H, d, 

J=16.2 Hz), 7.58 (1H, d, J=8.7 Hz), 7.91 (1H, d, J=16.2 Hz), 8.05 (1H, d, J=6.7 Hz), 8.69 (1H, d, 

J=6.6 Hz). 

Synthesis of 2-BP phosphoramidite: 

2-BP phosphoramidite was synthesized using the procedure 

described above (Yield = 92% P3), ESI-HRMS [M+]+: Mass 

calculated for C28H38N4O2PS+: 525.2448 m/z, mass found: 

525.2450 m/z. 

1H-NMR (DMSO-d6, 300 MHz)  1.06 (6H, d, J=7.2 Hz), 1.11 (6H, J= 7.2 Hz), 2.73 (2H, t, J=5.9 

Hz), 3.07 (9H, m), 3.13 (2H, s), 3.53 (2H, m), 3.73 (3H, m), 4.23 (3H, s), 6.90 (2H, d, J=9.0 Hz), 

7.64 (1H, d, J=15.1 Hz), 7.70 (1H, d, J= 7.7 Hz), 7.79 (1H, t, J=8.3 Hz), 7.91 (2H, d, J=9.1 Hz), 

8.08 (1H, d, J=14.6 Hz), 8.10 (1H, d, J=7.1 Hz), 8.31 (1H, d, J=7.6 Hz). 
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Synthesis of 2-QP phosphoramidite:  

2-QP phosphoramidite was synthesized using the procedure 

described above (Yield = 82% P3),  

ESI-HRMS [M+]+: Mass calculated for C30H40N4O2P
+: 519.2883 m/z, mass found: 519.2871 m/z. 

1H-NMR (DMSO-d6, 300 MHz)  1.06 (3H, d, J=7.2 Hz), 1.11 (3H, J= 7.2 Hz), 2.73 (1H, t, J=5.9 

Hz), 3.08 (8H, m), 3.57 (2H, m), 3.72 (4H, m), 4.45 (3H, s), 6.87 (2H, m), 7.55 (1H, dd, J= 15.6, 

7.7 Hz), 7.85 (3H, m), 8.08 (1H, t, J=9.3 Hz), 8.26 (2H, m), 8.43 (1H, d, J=8.8 Hz), 8.52 (1H, d, 

J=9.4 Hz), 8.81 (1H, m). 

Oligonucleotide synthesis: 

Unmodified OTAA oligonucleotides: 

All unmodified OTAA (5'-GATCGGGTGTGGGTGGCGTAAAGGGAGCATC-3') were 

purchased from Sigma-Aldrich Inc. (Oakville, ON). The oligonucleotides were purified by Sigma-

Aldrich using high performance liquid chromatography (HPLC). All unmodified 

phosphoramidites (pac--dA-CE, ac-dC-CE, iPr-pac-dG-CE and dTCE), activator (0.25 M 5-

(ethylthio)-1H-tetrazole in CH3CN), oxidizing agent (0.02 M I2 in THF/pyridine/H2O, 70/20/10, 

v/v/v), deblock (3% dichloroacetic acid in dichloromethane), cap A (THF/2,6-lutidine/acetic 

anhydride), cap B (methylimidazole in THF), and 1000 Å controlled pore glass (CPG) solid 

supports were purchased from Glen Research (Sterling, VA).  

Modified OTAA oligonucleotides: 

All modified oligonucleotide substrates were prepared on a 1 μmol scale using a BioAutomation 

MerMade 12 automatic DNA synthesizer using standard β-cyanoethyl-phosphoramidite 
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chemistry, as previously outlined.96 Following synthesis, oligonucleotides were cleaved from the 

solid support using mild deprotection strategies. The oligonucleotides were subjected to 2 mL of 

0.5 M K2CO3 in MeOH at 37 o C for 3 hours followed by 24 hours at room temperature. The 

solutions were neutralized using dilute acetic acid (12 uL, 1 M) and purified by reverse phased 

HPLC.  

Circular Dichroism:  

Spectra were recorded on a Jasco J-815 CD spectropolarimeter equipped with a 1 × 6 Multicell 

block thermal controller and a water circulator unit. Measurements were carried out in 10 mM of 

Tris-HCl buffer, pH 8.4 with 20 mM CaCl2, 120 mM NaCl and 5 mM KCl using 6 μM OTAA. 

Quartz glass cells (110-QS) with a light path of 1 mm were used for measurements. Spectra were 

collected at 10 °C between 200 and 400 nm, with a bandwidth of 1 nm and scanning speed at 100 

nm/min. The spectra were the averages of five accumulations that were smoothed using the Jasco 

software. 

Fluorescent titrations: 

All fluorescent measurements were recorded on a Cary Eclipse Fluorescence spectrophotometer 

(Agilent Technologies, Santa Clara, CA) equipped with a 1 x 4 multicell block stirrer and 

temperature controller. Modified OTAA samples (6 μM) were prepared in 10 mM of Tris-HCl 

buffer, pH 8.4 with 20 mM CaCl2, 120 mM NaCl and 5 mM KCl. All measurements were made 

using quartz cells (108.002F-QS) with a light path of 10 × 2 mm, and excitation and emission slit 

widths were 5 nm.  
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ESI-MS Analysis of Modified OTAA: 

MS experiments for identification of modified OTAA oligonucleotides were conducted on a 

Bruker amazon quadrupole ion trap SL spectrometer (Bruker Daltonics Ltd., Milton, ON). 

Oligonucleotide samples were prepared in 90% Milli-Q filtered water/10% methanol containing 

0.1 mM ammonium acetate. Masses were acquired in the negative ionization mode with an 

electrospray ionization source. The target value was decreased in between 10000, and 5000 with 

a flow rate of 2 μL/min.  
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3.3 Results and Discussion 

3.3.1. Free Dye Assays  
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Figure 3-4: Fluorescent titrations of dyes (6 μM) with OTAA (0-2 eq.). All titrations were carried 

out in aqueous media with 10 mM of Tris-HCl buffer, pH 8.4 with 20 mM CaCl2, 120 mM NaCl 

and 5 mM KCl. 
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 The fluorescence titrations for the five free dyes (6 μM) demonstrate an emission increase 

upon addition of the OTAA (Fig. 3-4). In addition, they all demonstrate a 1:1 binding mode with 

the aptamer until 1 eq. of OTAA is added and then associate non-specifically upon excess OTAA. 

The 4-QP and THT fluorescence titrations were performed by Ms. Micaela Gray of the 

Manderville laboratory. The dominant feature of the excitation spectrum for the THT titration is 

the strong energy transfer (Et) peak at 256 nm (Fig. 3-4E). Such Et is only possible if the probe is 

in close contact with the DNA bases and is undergoing stacking with the G-tetrad.97 The extent of 

Et for the other dyes upon binding OTAA is depicted in Figure 3-5B.  

 Interestingly, a correlation is observed between the acceptor moiety of the dye and the 

fluorescent response generated upon binding OTAA. As expected, THT exhibited the most 

dramatic turn-on emission response upon binding the aptamer. The second most dramatic Et 

response was observed for 2-BP which also has the same benzothiazole acceptor moiety as THT 

(Fig. 3-5b). This suggests that the benzothiazole acceptor has the strongest ability to π-stack with 

the G-tetrads of the aptamer. In comparison, 4-PP, 2-QP and 4-QP don’t demonstrate a strong Et 

band relative to the benzothiazole based dyes, suggesting that they do not stack well with OTAA. 
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in the absence and presence of 1 eq. of OTAA. Both data sets were acquired in aqueous 10 mM 

of Tris-HCl buffer, pH 8.4 with 20 mM CaCl2, 120 mM NaCl and 5 mM KCl. 

A) B) 



62 

 

However, the quinoline based dyes demonstrate the most dramatic fluorescent response upon 

OTAA binding compared to the other synthesized dyes (Fig. 3-5a). Clearly, there is a relationship 

between the structure of the acceptor moiety and the ability of the dye to stack with the OTAA.  

 The benzothiazole based dyes contain a sulfur atom within the aromatic ring that allows 

for the two lone pairs of electrons to help stack with the aptamer (Fig. 3-6). In addition, the 

framework of the benzothiazole moiety runs “parallel” with the donor, suggesting that the parallel 

framework has the ability to stack more strongly than the perpendicular framework. In comparison, 

the pyridine moiety demonstrates a low energy transfer fluorescent intensity to OTAA (Et=16). 

Stemming from the inability of the pyridyl structure to stack with the oligonucleotide strongly, 

thereby generating a smaller response. Furthermore, the 4-QP and 2-QP dyes stack with the OTAA 

more efficiently than the pyridyl (Et=28 and Et=18, respectively). This suggests the extra π-

electrons on the phenyl ring allows for the quinolines to stack with the OTAA stronger, which 

generates a stronger energy transfer response. To summarize, the best acceptor moiety to detect 

the OTAA is the benzothiazole framework because of its ability to bind and stack with 

oligonucleotides exceptionally well compared to the other acceptors and resulted in the strongest 

Et compared to the other free dyes.  

Figure 3-6: Structures of the 5 free dyes with emphasis on the acceptor groups. The quinoline 

moieties are shown in blue, the pyridine moiety in black, and the benzothiazole moieties shown in 

red. 
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Figure 3-7: Fluorescent titrations of the dye:OTAA (6μM) complex with the target OTA (0-2 eq.). 

All titrations were measured in aqueous media with 10 mM of Tris-HCl buffer, pH 8.4 with 20 

mM CaCl2, 120 mM NaCl and 5 mM KCl. 
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 Each OTAA:dye complex was titrated with 2 eq. of OTA (Fig. 3-7). The fluorescence 

intensity of the dye was monitored to observe the ability of OTA to displace the fluorescent dye, 

thereby generating a turn-off fluorescent response. The THT and 4-QP titrations were measured 

by Ms. Micaela Gray from the Manderville laboratory. Addition of 2 eq. of OTA to the 2-

BP:OTAA and THT:OTAA complexes generated only a small change in the fluorescence 

intensity, suggesting the inability of OTA to effectively displace the dye from the aptamer. In 

comparison, 4-PP was displaced much more readily from the OTAA:4-PP complex (IRel =0.48) 

than the benzothiazole based dyes (Fig. 3-8). Finally, the 4-QP:OTAA and 2-QP:OTAA 

complexes provided the best turn-off response to OTA, with the latter displaying the most dramatic 

change in signal (Irel= 0.41,  Fig. 3-8). Based on the fluorescence titration experiments, the 2-QP 

dye exhibited the most dramatic turn-off signal upon OTA binding, suggesting its potential utility 

for development of a label-free optical OTA detection platform.  

Figure 3-8: Relative fluorescent intensities of each dye upon addition of OTA (1 eq.) in aqueous 

media with 10 mM of Tris-HCl buffer, -pH 8.4 with 20 mM CaCl2, 120 mM NaCl and 5 mM KCl. 
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3.3.2. CD’s of the Free Dye Assays  

 The CD spectra for the dye:OTAA complexes provide insight into the structural differences 

upon OTA addition. The five dye:OTAA complexes show very interesting UV regions compared 

to the native CD spectrum (Fig. 3-9). The native OTAA displays positive bands at 245 nm and 295 

nm, along with negative bands at 230 nm and 265 nm (blue trace, Fig. 3-9A). The spectrum 

indicates an antiparallel (-lll) conformation for the native OTAA and upon OTA addition the 
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negative band at 265 nm increases in intensity and the peak at 290 nm increases in intensity (orange 

trace, Fig. 3-9A). 49,55 The UV region of the 2-QP, 4-PP and 2-BP dyes all display a negative band 

at 250 nm and a positive band at 265 nm, indicating that the dye bound aptamer it is not folded 

into the (-lll) antiparallel conformation of the native OTAA.49 Clearly, these three dyes are 

inducing an alternative OTAA topology. In comparison, the THT and 4-QP CD spectra both form 

the (-lll) antiparallel quadruplex and the GQ structural differences upon OTA addition resulted in 

a similar trend to the native OTAA. (Fig. 3-9E, F). The ICD band of the THT:OTAA complex is 

not altered upon OTA addition, suggesting that THT is not being displaced by OTA and its 

interaction with the OTAA is either very strong or is stacking at a separate site. In contrast, the 4-

QP ICD demonstrates a large change from stacking to groove binding. This suggests the OTA is 

displacing the 4-QP from the binding site. In comparison, ICD band observed for the 2-BP dye 

complex follows a similar trend to the THT, suggesting the benzothiazole acceptors are unaffected 

by OTA.  

 The 4-PP, and 2-QP complexes display a different GQ topology compared to the native 

OTAA and demonstrate ICD band responses to OTA addition. This suggests that 4-PP and 2-QP 

induce a separate conformation of the OTAA and undergo a response due to OTA binding. The 4-

PP complex displays a negative ICD band, indicating the dye is stacking with the GQ.49 Upon 

OTA addition, the ICD becomes more intense, suggesting the toxin is altering the environment of 

the dye. In comparison, the 2-QP:OTAA complex demonstrates a positive ICD band and upon 

OTA addition, the ICD band becomes negative.49 This indicates that 2-QP is undergoing an 

induced change from groove binding to π-stacking with the OTAA when OTA is introduced. 

Interestingly, even though the dye interaction to the OTAA changes dramatically, the topology of 

the OTAA:2-QP complex doesn’t change upon the addition of OTA. Overall, the quinoline based 
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dyes demonstrate the largest ICD band change compared to the other dyes. Additionally, the 

quinoline based dyes demonstrate the best fluorescent response toward the toxin. This suggests 

there is a correlation between the change in ICD with the fluorescent response of the dye.  

3.3.3. End Label Assays 

 2-QP and 4-PP were converted into phosphoramidites and were covalently attached to the 

5′ end of OTAA. The results from the titration curves show a decrease in fluorescence intensity 

when adding OTA, which results from the displacement of the fluorescent dye from the OTAA. 
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In addition, the decrease plateaus after 1 eq. of OTA is added. From this data, it can be concluded 

that OTA is binding in a 1:1 fashion with the OTAA end labeled aptamers. The 4-PP end label 

provided a relatively strong fluorescent response to OTA with an Irel of 0.68 (Fig. 3-10a). In 

addition, the energy transfer band (λ=254 nm) also decreases, indicating the 4-PP dye doesn’t 

interact strongly with OTAA, suggesting OTA is able to displace the fluorophore from the OTAA. 

In comparison, the 2-QP end label produced a very small fluorescent decrease when OTA is 

introduced (Irel= 0.99) (Fig. 3-10b). In addition, the energy transfer relative intensity doesn’t 

decrease as much as 4-PP’s (Et=0.99). Interestingly, the addition of another phenyl ring (2-QP) 

adds an additional 4 p-orbitals for π-stacking and dramatically alters the response to OTA. 

Furthermore, the energy transfer band isn’t affected upon OTA addition, indicating the 2-QP isn’t 

being displaced as well as 4-PP even though they are connected to the same area of the aptamer. 

 The CD’s of the end labeled OTAA display very different GQ topologies when compared 

to the unmodified aptamer. The CD spectra exhibit a positive band at 271 nm and a strong negative 

band at 245 nm (Fig. 3-10b, Fig. 3-10d), suggesting formation of a parallel GQ topology.49 

Addition of OTA causes the peak at 270 nm to decrease in intensity and shift toward 290 nm, 

suggesting some formation of the antiparallel (-lll) GQ.  When comparing the 4-PP and 2-QP end 

labeled aptamers, the ICD band changes are quite different. For example, the 4-PP ICD band at 

~510 nm displays a decrease in intensity upon OTA addition suggesting dye displacement by the 

toxin. These CD changes correlate with the fluorescence response. In contrast, the changes in the 

ICD bands for the 2-QP end labeled aptamer exhibit minimal changes upon OTA addition. As 

previously discussed, the same trend is observed for the free dye assays which provides a direct 

correlation between ICD band change with the fluorescent response. 



69 

 

3.3.4. Free Dye Assays vs End Label Assays 

 Comparing the two different assays, they provide similar results but with different 

intensities and different fluorescent displacement. The end label aptamers are covalently attached, 

resulting in an increased propensity to stack with the GQ and associate very strongly compared to 

the free dyes. Furthermore, because of the strong interaction, OTA is unable to displace 2-QP, 

which results in a very small fluorescent response from 1 eq. of OTA. Additionally, the CD spectra 

of the end label aptamers demonstrates a parallel GQ in the absence of OTA. However, when OTA 

is introduced, the CD spectrum slightly adjusts to conform to the native antiparallel topology. This 

suggests the OTA is inducing a conformational change from the parallel topology toward the (-lll) 

antiparallel conformation of the OTAA end labels. In comparison, the free dye-OTAA complex 

demonstrates lower initial fluorescence but displays a stronger fluorescent response to OTA. 

Furthermore, the ICD bands of the free dyes bound to the aptamer demonstrate much larger 

changes upon OTA addition indicating that they are more readily displaced by the toxin. To 

summarize, the end label assays provide a stronger initial fluorescent intensity but a poorer turn-

off response upon OTA addition. In this case the dyes are covalently attached to the aptamer 

making it more difficult for the toxin to displace the dye. In contrast, the free dyes do not associate 

with the aptamer as strongly and consequently are more readily displaced by the toxin to generate 

a stronger turn-off fluorescent response to OTA.  

3.4 Conclusions 

 In conclusion, the benzothiazole moiety demonstrates a high affinity towards the OTAA 

and is unable to be displaced by OTA. In addition, the ICD of the benzothiazole based dyes upon 

OTA addition doesn’t alter the dye’s interaction with the OTAA, resulting in a poor fluorescent 

signal. In contrast, the quinoline moieties display a weaker association towards the OTAA and are 



70 

 

hence more readily displaced well by OTA. In addition, the quinoline moieties demonstrate 

dramatic ICD band changes upon OTA binding, which resulted in a stronger fluorescent change 

compared to the other free dyes. Finally, the pyridyl moiety demonstrates the weakest affinity 

towards the OTAA due to the inability to stack with the aptamer compared to the quinoline and 

the benzothiazole moieties. Additionally, the pyridyl structure doesn’t form a large ICD band 

change compared to the quinoline moieties. This suggests the quinoline moieties induce the largest 

structural change and the best fluorescent response when introduced to OTA. Therefore, the 

quinoline moieties are the best acceptor for an optical OTA aptasensor detection platform.  

 Future work involves incorporation of a hemicyanine dye within the OTAA sequence to 

generate a stronger fluorescent response upon OTA binding. In addition, internal modifications 

could provide insight into where OTA binds to the GQ, thereby providing a direct response to 

upon binding to the toxin.  
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UV-Vis: 
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A-I- 1: Absorbances of: (a) PH-BT in 9:1 Acn:H2O at 525 nm. (b) PH-IND in 9:1 Acn:H2O at 535 

nm. The dye concentrations are at 10 μM with 100 μM of nucleophile. 
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NMR:  

 

 

A-I- 2: 1H NMR of 3 in DMSO-d6. 

A-I- 3: 13C NMR of 3 in DMSO-d6. 
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A-I- 4: 1H NMR of 4 in DMSO-d6. 

A-I- 5: 13C NMR of 4 in DMSO-d6. 
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A-I- 6: 1H NMR of 2-1 in DMSO-d6. 

A-I- 7: 13C NMR of 2-1 in DMSO-d6. 
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A-I- 8: HSQC of 2-1 in DMSO-d6. 

A-I- 9: HMBC of 2-1 in DMSO-d6. 
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A-I- 10: 1H NMR of 2-2 in DMSO-d6:D2O (1:1). 

A-I- 11: 13C NMR of 2-2 in DMSO-d6:D2O (1:1). 
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A-I- 12: HSQC NMR of 2-2 in DMSO-d6:D2O (1:1). 

A-I- 13: HMBC NMR of 2-2 in DMSO-d6:D2O (1:1). 
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A-I- 14: 1H NMR of 2-3 in DMSO-d6:D2O (1:1). 

A-I- 15: 13C NMR of 2-3 in DMSO-d6:D2O (1:1). 
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A-I- 16: HSQC of 2-3 in DMSO-d6:D2O (1:1). 

A-I- 17: HMBC of 2-3 in DMSO-d6:D2O (1:1). 
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Mass Spectra 
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A-I- 18: Low resolution mass spectrum of 2-2. 

A-I- 19: High resolution mass spectrum of PhInd. 
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A-I- 20: High resolution mass spectrum of PhBt. 
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NMR 

 

 

A-II- 1: 1H NMR of 1 in DMSO-d6. 

A-II- 2: 1H NMR of 2 in DMSO-d6. 
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A-II- 3: 1H NMR of 3 in DMSO-d6. 

A-II- 4: 1H NMR of 4 in DMSO-d6.. 
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A-II- 5: 1H NMR of 4-QP in DMSO-d6. 

A-II- 6: 13C NMR of 4-QP in DMSO-d6. 
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A-II- 7: 1H NMR of 4-PP in DMSO-d6. 

A-II- 8: 13C NMR of 4-PP in DMSO-d6. 
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A-II- 9: 1H NMR of 2-QP in DMSO-d6. 

A-II- 10: 13C NMR of 2-QP in DMSO-d6. 
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A-II- 12: 1H NMR of 2-BP phosphoramidite in DMSO-d6. 

A-II- 11: 31P NMR of 2-BP phosphoramidite in DMSO-d6. 
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A-II- 14: 1H NMR of 2-QP phosphoramidite in DMSO-d6. 

A-II- 13: 31P NMR of 2-QP in DMSO-d6. 
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A-II- 15: 1H NMR of 4-PP phosphoramidite in DMSO-d6. 

A-II- 16: 31P NMR of 4-PP phosphoramidite in DMSO-d6. 
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Mass Spectra 

 

 

 

  

 

A-II- 17: High resolution mass spectrum of the 4-PP phosphoramidite. 

A-II- 18: High resolution mass spectrum of the 2-BP phosphoramidite. 
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A-II- 20: High resolution mass spectrum of 2-QP. 

A-II- 19: High resolution mass spectrum of 2-QP phosphoramidite. 
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A-II- 21: Low resolution mass spectrum of the 4-PP end labeled OTAA. 

A-II- 22: Low resolution mass spectrum of the 2-QP end labeled OTAA. 
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Oligonucleotide Product Formula Calcd mass Expt m/z Exptl 

Mass 

X= 4-PP+ I- C322H397N132O186P31I 10175.7447 [M-16+Na]15-= 678.85 678.74 

   [M-18+Na]17-= 598.86 598.43 

X=2-QP+ C326H399N132O186P31 10098.8604 [M-15]-14= 727.31 727.68 

X= 2-QP+ I- C326H399N132O186P31I 10324.3704 

 

[M-16+Na]-15 =688.75 688.71 


