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Abstract 

Interactions between DNA and metal ions are important for many applications such as 

metal sensing, therapeutics and nanotechnology. Many studies have already been published on 

these topics. DNA can bind metal ions via its phosphate backbone and the nucleobases. The 

phosphate backbone likes to bind hard metal ions, whereas the bases tend to coordinate with 

softer metal ions. Gold in particular is one metal that has many interactions with DNA. Gold 

nanoparticles are very stable and DNA-functionalized nanoparticles have been used for 

biosensing, drug delivery and the design of smart materials. However, many of these studies 

have been carried out on gold surfaces where gold has an oxidation state of zero. The study of 

the interactions between gold ions (Au3+) and DNA has been limited. Au3+ is a highly soft metal 

ion and it may have strong interactions with DNA bases. The goal of this thesis is to study the 

interactions between gold ions and DNA. 

Fluorescein (FAM) labelled 15-mer homopolymer DNA (FAM-A15, C15, G15, and T15) 

were first incubated with a source of Au3+ ions (HAuCl4). The reaction products were 

characterized by denaturing gel electrophoresis and kinetic studies were done using fluorescence 

quenching assays. In the electrophoresis studies, little to no products were observed with T15 and 

C15 DNA. A smearing of the gel electrophoresis bands along with some fluorescence quenching 

was observed with both A15 and G15 DNA suggesting stable complex formation that survived the 

denaturing gel electrophoresis conditions. A15 DNA showed complete reaction, while G15 

showed around 80% reaction yield after 1 hour.  

Since poly-A DNA showed the highest activity for binding to Au3+, studies of the 

formation of the polyadenine – Au3+ complex were then conducted as a function of pH and salt. 

Complex formation was favored at a lower pH (pH 4) and would not form under higher pH (pH 
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8) conditions. Salt was found to be required for Au3+ to react with DNA. Four different salts 

(NaF, NaCl, NaBr, and NaI) were tested to see the effects on binding kinetics. The addition of 

NaF and NaI did not allow the formation of the Au3+-poly-A complex, but NaCl and NaBr 

allowed the formation of this complex. Therefore, a moderate affinity ligand such as Cl- and Br- 

favored the reaction. A random 24mer DNA was then compared to A15 for binding to Au3+ and 

other metal ions. Both DNA only showed evidence of complex formation with Au3+ and not with 

other metals including Hg2+ and Pb2+.  

Fluorescence quenching assays of A15 and Au3+ were done as a function of concentration 

of different salts. First order kinetic rate constants were found to be 0.60 mins-1, 0.91 mins-1, 1.5 

mins-1, and 1.9 mins-1 for buffers with no salt, 100 mM NaBr, 100 mM NaCl, and 10 mM NaBr 

respectively. This reaction was also found to be reversible as the fluorescence could be recovered 

using potassium cyanide (KCN) or glutathione (GSH). When added post complex formation, 

KCN could recover almost all the fluorescence while GSH could recover around 60%.  

The effects of Au3+ ions on the catalytic activity of the 17E zinc dependent DNAzyme 

were also studied using gel electrophoresis. Under normal conditions, 17E cleaves an RNA 

substrate with a cleavage percent of 71%, however with concentrations of 25 mM Au3+ and 

above, the cleavage of the substrate was completely inhibited. The Au3+ was found to be binding 

to the DNAzyme-substrate duplex in a similar fashion to A15.   
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Chapter 1 – Introduction 

DNA (deoxyribonucleic acid) is our genetic material. As a biopolymer, DNA can have 

many different applications in biotechnology and nanotechnology. For example, its different 

interactions with many metals makes DNA a prime candidate for biosensing and drug 

development.1 DNA has been used and studied as a sensor to detect metal ions since the early 

2000s.2 Its many bases can coordinate with metals to form useful structures and complexes. One 

of the most studied applications is cisplatin binding to DNA for cancer therapy.3 In addition, 

DNA can also be combined with nanoparticles to form better sensors. By functionalizing the 

surface of metallic (such as silver or gold) nanoparticles with DNA, new sensors can be 

developed to detect a wide range of analytes.4 

1.1. Structure of DNA 

The structure of DNA molecules consists of a nucleobase, a pentose sugar, and a 

phosphate group. There are 4 different nucleobases possible for DNA (adenine (A), guanine(G), 

cytosine (C), thymine (T)) as shown in Figure 1.1.5 These 4 bases can then be separated again 

into purines and pyrimidines. The pyrimidines have a single carbon ring with nitrogen at the 1 

and 3 positions. The pyrimidine bases are cytosine and thymine in DNA. Purines are a 

pyrimidine ring fused together with an imidazole. They contain 2 carbon rings with 4 nitrogen 

atoms. The purine bases are adenine and guanine. 
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Figure 1.1 The structure of nucleobases, nucleosides (nucleobase + deoxyribose), and nucleotides 

(nucleobase + deoxyribose + phosphate groups).  

 

In a usual DNA duplex, these bases are paired up (A and T, G and C) and use hydrogen 

bonding to stabilize the double helical structure of DNA. There are two common types of pairing 

that occur, Watson-Crick pairs and Hoogsteen pairs. For the A-T Watson-Crick pairing, 

hydrogen bonds are formed between the N1 and C6 amino groups on the adenine to the N3 and 

C4 oxygen on the thymine. The Hoogsteen A-T pair uses the N7 and C6 amino from the adenine 

bound to the N3 and C4 oxygen of thymine. The Watson-Crick pairing of G-C uses the C6 

oxygen, N1, and C2 amino groups from the guanine bound to the C4 amino, N3, and C2 oxygen 

of cytosine. The Hoogsten G-C pair uses N7 and the C6 oxygen on guanine bound to N3 and the 

C4 amino on cytosine.  Figure 1.2 shows the differences between these two pairings.6    
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Figure 1.2 Watson-Crick (circled) and Hoogsteen base pairs. 

Each DNA base as well as the phosphate backbone has acidic hydrogens and can exist in 

its protonated or deprotonated state according to their site specific pKa values (Table 1). At 

physiological pH, the backbone phosphate is deprotonated, and each phosphate carries one 

negative charge. On the other hand, all four nucleobases are charge neutral at physiological pH. 

Therefore, overall, the DNA is highly negatively charged. At low pH, such as pH 3, adenine and 

cytosine are protonated. This can affect both the stability and structure of DNA, as well as its 

metal binding properties. 

Table 1. pKa values of the nucleic acids and backbone phosphate. 

DNA Component pKa value 

Backbone Phosphate ~2 

Adenine N7 (3.5) 

Cytosine N3 (4.2) 

Guanine N7 (2.1), N1 (9.2) 

Thymine N3 (9.9) 
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1.2 Metal/DNA Interactions  

Since DNA is polyanionic, electrostatic attraction can occur with metal ions. Metal ions 

interact with either the phosphate backbone, which stabilizes the DNA duplex, or DNA bases, 

which may destabilize the DNA duplex. Coordination with metal ions can be described as either 

“inner sphere” coordination or “outer sphere” coordination. By coordinating with the inner 

sphere, ligands are interacting directly with the metal ion itself (Figure 1.3B). Outer sphere 

coordination occurs through an intermediary ligand. An example of outer sphere coordination is 

the coordination hydrated metal ions; the ligand is first binds to the water that is then directly 

bound to the metal (Figure 1.3A). Denticity is another factor to consider in the coordination of 

metal ions. Denticity refers to the number of groups that a single ligand can bind to the central 

metal in a coordination complex (Figure 1.3C).  

 

Figure 1.3 A) Outer sphere coordination to hydrated metal complexes B) monodentate inner 

sphere coordination C) bidentate inner sphere coordination.  

Since the phosphate backbone is negatively charged, metal cations can be used to 

stabilize this charge. Cations such as the group I alkali metals (Li+, Na+, K+, Cs+) are found to 

preferentially bind the phosphate backbone. Group I metals showed no change in binding when 

the base composition of the DNA was altered, showing that these metals are binding to the 
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phosphates and not the nucleic acids themselves. Of these metals, Li+ was found to have the 

highest outer sphere affinity through its role as a counterion while the other metals (Na+, K+) 

preferred inner sphere coordination.7 Group II metals such as Mg2+ and Ca2+ were also found to 

have a higher affinity for the DNA backbone than the bases.8,9 However, transition metals were 

found to interact and form complexes with the DNA bases. The phosphate backbone tends to 

bind harder metals since they stabilize the DNA while the bases tend to bind softer metals.8 

The DNA bases and metal ions can interact through either non-covalent interactions or 

coordinative bonding. Non-covalent interactions include electrostatic attraction, outer sphere 

binding through hydrogen bonds, intercalation, or binding through van der Waals forces. This 

type of binding usually refers to a coordinatively saturated species which is irrespective of the 

metal ions or ligands.10 Coordinative binding refers to the inner sphere binding of metals directly 

with donor sites on the DNA bases. These coordinative bonds tend to be reversible so the metal 

can usually be displaced by a strong nucleophile.11 The affinity for different ions can vary with 

its coordination with each nucleobase. There are multiple sites that can bind metallic ions. 

Cytosine can have binding sites at N3, N4, O2, and C5. Thymine binding can occur at N3 (as 

seen in Figure 1.4)12.  
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Figure 1.4 Multiple metal binding sites on thymine (top) and cytosine (bottom). Adapted with permission 

from reference 13. Copyright 2016 American Chemical Society.  

 

Adenine can coordinate with metals using N6 from the amino, N1, N3, N7 and N9. 

Binding sites in guanine are N1, N7 and O6.12 However, the purine N3 site is generally sterically 

hindered by the sugar and has weak binding, but changing the relative orientation of the base and 

sugar can make this site available.14 It has been shown that in duplex DNA, adenine has favored 

N7 over other sites but in isolated adenine bases, both N1 and N7 are good binding sites. N7 is 

the favored site for guanine binding but can cross over to N1 in acidic pH.15 The binding sites are 

also pH dependent. Some sites such as the N1 in guanosine and N3 in thymidine are only 

available upon deprotonation. The exocyclic amino groups in adenine (N6) and cytosine (N4) 

normally would not bind metal ions, however these sites may be able to bind in special cases, 

such as in a rare tautomer form. These rare tautomer forms can also be induced by metal entities. 

For example, the N6 of adenine can bind to Hg2+ when N1 is protonated (imino tautomer of 

adenine)16,17 and the N4 of cytosine can bind Pt ions when N3 is protonated (imino-oxo 
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tautomer).16,18 All of these binding sites can bind alone or in conjunction with each other (i.e. 

chelation) to form different complexes with a wide variety of metals. Both the phosphate and the 

DNA base can be involved in coordinating a single metal, such as the binding of Cu2+ ions to the 

N7 site of guanine and the phosphate group in guanosine monophosphate (GMP).19 

Different binding sites also have different affinities for different metals. The affinity for a 

metal to bind to certain sites can be quantified with stability constants (K). This constant can be 

thought of as the equilibrium constant between the metal ion and the metal complex formed with 

the nucleoside. Some log stability constants for common metals and nucleoside monophosphates 

can be found in Figure 1.5. These constants have already been adjusted with a factor accounting 

for the phosphate group.8 

 

Figure 1.5 logK of binding sites on nucleoside monophosphates measured using potentiometric 

pH titrations. Adapted with permission from reference 8. Copyright 2010 American Chemical Society.  

These stability constants show that when coordinating with metal ions, the phosphate is 

more involved in coordinating hard metals (such as group I and II) while the binding sites on the 

individual bases have a higher affinity for softer metals (transition metals). 
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Metals can also modify the base pairing of nucleobases. By replacing weakly acidic 

nucleobase protons by metal ions of preferably linear, trans square planar, or trans octahedral 

coordination geometries, the hydrogen bond formation between their constituents can be 

modified (Figure 1.6).13  

 

Figure 1.6 Differences between metal-modified and metal-mediated coordination. Adapted with 

permission from reference 13. Copyright 2016 American Chemical Society.  

Some well know metal mediated base pairs in the DNA duplex include the T-Hg-T and 

C-Ag-C metallo-base pairs.20 Mercury and silver ions are known to bind to nucleobases 

preferentially.5 A complex containing a 2:1 ratio of 1-methlythymine to Hg(II) ions has been 

reported and a ratio of 1:1 Ag ion to C-C pair was confirmed.20 Figure 1.7 shows the proposed 

binding schemes of T-Hg-T and C-Ag-C. 
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Figure 1.7 Watson-Crick base pairs, pyrimidine mis-pairs, and metal mediated base pairs. Figure adapted 

from reference 20. Republished with permission of Royal Society of Chemistry, from Binding of metal 

ions by pyrimidine base pairs in DNA duplexes, Ono, A., Torigoe, H., Tanaka, Y. & Okamoto, I., 40, 

2011; permission conveyed through Copyright Clearance Center, Inc. " 

1.3 Gold 

1.3.1. DNA adsorption on AuNPs 

Gold is a metal that comes in many forms and has many applications. One of the most 

well studied forms of gold is gold nanoparticles (AuNPs). AuNPs have excellent plasmonic 

properties, such as a high extinction coefficients,21 that allow them to have unique optical 

properties (light scattering, color changes, etc.) at very low concentrations (nanomolar to 

picomolar).22 They are also very good at quenching fluorescence (~99% quenched) 23 and have a 

high surface energy and can adsorb strongly to thiols, halides, and organic molecules such as 

nucleotides. Since traditional clean gold surfaces are hydrophilic, these surfaces can become 

easily contaminated when exposed to air leading to a large contact angle.24 AuNPs are formed in 
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solution and can be kept free from contaminants resulting in more consistent surface properties 

that last for a longer time. By keeping the gold particles in solution, there is less surface area 

coming into direct contact with air, retaining more of its surface properties. The most common 

way that AuNPs are prepared for use with DNA is by the reduction of HAuCl4 by citrate 

resulting in citrate stabilized AuNPs.25 However, one of the challenges that AuNPs face is their 

colloidal stability. Factors such as salt concentration (i.e. can cause aggregation26) and buffers 

(i.e. HEPES buffer can alter surface morphology27) can change the colloidal properties of 

AuNPs. 

As mentioned before, gold nanoparticles can adsorb DNA, making them an excellent 

vehicle for many applications. However, DNA is negatively charged due to the phosphate 

backbone since all of the nucleobases are in a neutral state (see Table 1). Therefore, without the 

addition of other charge stabilizers, there is little to no adsorption of DNA onto the citrate 

stabilized AuNPs due to long range electrostatic repulsions. In order to get higher adsorption, it 

was found that salt could be added to enhance activity. However, at high concentrations of salt, 

aggregation of the AuNPs was observed.28  

Another way the DNA could adsorb onto gold surfaces is through binding of the nucleic 

acids to the gold surface. The affinity of the nucleic acids to gold surfaces has been reported as 

adenine > cytosine > guanine > thymine (Figure 1.8).29 The affinities of guanine and cytosine 

can vary depending on different measurements.  
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Figure 1.8 Binding trend of DNA bases to AuNPs. The solid lines represent the main interaction while 

the dotted line shows a weaker contribution. Figure adapted from reference 30. Republished with 

permission of Royal Society of Chemistry, DNA–bare gold affinity interactions: mechanism and 

applications in biosensing, Shiddiky, M. J. A., Koo, K. M., Trau, M., Carrascosa, L. G. & Sina, A. 

A. I , 7, 2015; permission conveyed through Copyright Clearance Center, Inc. " 

In adenine, the exocyclic amino group at the N6 position and a N7 ring nitrogen enables a 

high adsorption affinity. This strong adsorption is strong enough that even in the presence of 

complementary poly-T DNA, poly-A DNA still stably adsorbs to neutral gold surfaces.29 The 

binding mechanism takes place through a direct interaction of the ring’s nitrogen with gold as 

well as a partial contribution from the exocyclic amino group.30 Guanine compounds were 

suggested to bind through the C6 ketone together with the N1 nitrogen or through the C6 ketone 

group and the N7 nitrogen.31,32 Cytosine and its derivatives were suggested to bind through the 

N3 nitrogen as well as the keto oxygen.31 Thymine has the weakest binding through only the C4 

keto oxygen.31  

Another suggested trend for the binding affinities of nucleobases is the order: guanine > 

adenine > cytosine > thymine.33 These trend differences for each base can be explained through 

their individual adsorption processes. While adenine showed the highest affinity through 

chemisorption, thermal desorption studies showed that guanine had higher temperature values.34  

This could be due to fact that guanine have more interactions between each other leading to a 
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more stable gold-guanine aggregate as opposed to the adsorption of individual guanines onto 

gold surfaces.30,34 

Since the DNA and the citrate capped AuNPs are both negatively charged, other factors 

must be considered in order to achieve adsorption such as thiolation, charge screening by 

adjusting the salt concentration, pH, and other environmental factors. 

Thiols have a very high (higher than the nucleic acids) affinity for gold surfaces. 

Therefore, many AuNP- DNA conjugates are made using thiolated DNA. There are two types of 

thiol modifications, a terminal modification and a tandem modification (PS as opposed to PO). 

The terminal modification is the addition of a thiol group usually in the form of 5′-SH-(CH2) 

group to a 5′ terminal oxygen while a PS modification is the replacement of a nonbridging 

phosphate oxygen with S (Figure 1.9). While both showed much higher adsorption of DNA 

when compared to non-thiolated DNA, the PS modification had higher affinity than the terminal 

modification.35–37 Debates around the nature and exact mechanisms of the SH – Au surface bond 

(predominantly chemisorbed or physiosorbed) are still being studied.38 However, the knowledge 

of this strong binding has been widely used in nanobiotechnology for its colloidal stabilization of 

AuNPs while allowing the DNA to still be functional (one of the key challenges in creating 

AuNP- DNA bioconjugates). 
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Figure 1.9 Tandem and terminal S modifications. Figure adapted with permission from reference 

37. Copyright 2014 American Chemical Society. 

 As mentioned above salt is necessary to reduce long range charge repulsion but presents 

other problems by inducing the aggregation of AuNPs at relatively low concentrations 

(millimolar range to see aggregation).28 The size of the cation also plays a role in both the 

adsorption kinetics as well as the final DNA density. One study showed that in group 1A and 2A 

metals, larger cations (such as Cs+) allowed better initial adsorption kinetics but smaller cations 

(such as Li+) yielded a higher density of thiolated DNA after an incubation period.39 Anions also 

play a role in the adsorption of DNA to AuNPs. Halides can compete with DNA to bind to the 

gold surface with larger halides having greater affinity and the ability to displace other bindings 

with a trend of F- < T ≈ Cl- < C < G ≈ Br- < A < I-.40,41  

Since the addition of large quantities of salt can cause unwanted aggregation of AuNPs, 

the salt aging method42 was proposed as a way of using salt to create AuNP-DNA conjugates 

without aggregation. The slow addition of salt (0.05 M – 0.1 M increments, up to ~0.7 M) over a 

long period of time in the presence of a PEG spacer allowed significantly more DNA loading on 
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to the AuNPs. The addition of surfactants can also help reduce the aging time by reducing the 

sticking of the AuNPs to each other and walls of the vial.42 

The pH of the environment also affects the binding affinity and stability of DNA to 

AuNPs. At neutral pH, the DNA bases are all charge neutral but start to protonate/deprotonate at 

three pH units away from neutral. The duplex starts to break down when the pH is below 4.5 or 

above 9.43 Lowering the pH below 3 allows the DNA backbone to be partially stabilized by the 

protonated adenine and cytosine and has also been shown to accelerate DNA adsorption44 due to 

the formation of secondary structures of adenine (poly-A parallel duplex).45,46  

It was reported that AuNP-DNA conjugates could also be formed by simply freezing and 

thawing the necessary reagents. It was hypothesized that the formation of ice crystals pushed the 

DNA, AuNPs, and salt into “micropockets” which concentrated them and enhanced the reaction 

rate (Figure 1.10).47 An excess of DNA needs to be added to maintain colloidal stability. The 

freezing of the AuNP-DNA mixture also caused the DNA to stretch and align itself in an upright 

conformation.48,49 

 

Figure 1.10. The preparation of AuNP-DNA conjugates by freezing. Figure adapted with 

permission from reference 49. Copyright 2019 American Chemical Society. 

The affinity of the bases for gold surfaces can also be used to form these bioconjugates. 

A non-thiolated diblock DNA with a poly-A anchor was reported. Due to the high affinity that 
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adenine has for gold surfaces, the poly-A portion of the DNA serves as an anchor and a spacer, 

allowing the rest of the strand to still be functional and able to hybridize.50 Adenine has also been 

used at lower pH levels through the formation of the poly-A duplex. By attaching a poly-A 

segment to random DNA, it readily exposes the thiol group to react directly with the gold surface 

and reduces the chance of nonspecific DNA base binding (Figure 1.11). The poly-A motif was 

found to be superior to other base motifs such as the i-motif (poly-C) and poly-G in terms of 

stability.45 

 

Figure 1.11 Poly(A) duplex binding to AuNPs. Adapted with permission from reference 45. 

Copyright 2016 American Chemical Society. 

Aside from binding simple oligonucleotides, more complex structures such as tetrahedron 

DNA have also been attached to gold surfaces serving as a spacer to retain the functions of 

biomolecules attached to it.51 

Once these conjugates are synthesized, they can have a wide variety of applications in 

biosensing. They can be used as colorimetric sensors through the controlled aggregation of 

AuNP-DNA conjugates. These have very good detection limits.52,53 Due to the excellent 

fluorescence quenching abilities of AuNPs, sensors based around fluorescence quenching have 

also been developed. For example, the monitoring of DNA cleavage by nucleases54 and the 

concept of nano-flares; detecting a fluorescent signal when a fluorophore labelled DNA detaches 

from the AuNP on the presence of other ligands.55 
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1.3.2. DNA Interaction with Gold Ions 

The interactions between gold ions and DNA have also been reported, though not to the 

extent that functionalized AuNPs have. Some forces involved in the interaction between gold and 

DNA include electrostatic interactions, hydrophobic forces, as well as specific binding between 

gold and the DNA bases.30 The DNA bases have already been shown to interact with different 

heavy metals to coordinate around and form complexes. Au3+ has been found to be 

predominantly base binding instead of phosphate binding.56 

It has been reported in RNA duplexes, that Au3+ ions can perturb the binding of 

accessible G-C Watson-Crick base pairs by binding to the N3 and O2 sites in cytosine and the 

N2 and deprotonated N1 sites of guanine.57 Although this binding did perturb the base pair it did 

not fully disrupt it. Also, due to the binding involving a deprotonated N1 site on guanine, this 

interaction may not occur at lower pH levels. 

Oxidative halogenation at the C5 positions of uracil and cytosine along with the H2O 

addition to the C5-C6 double bond  and the oxidative dimerization of uracil ligands have both 

been observed due to the addition of [AuCl4]
-. 58 

Thymine has generally been agreed upon to have the lowest affinity for gold. However, 

there have still been devices and methods involving thymine and gold for the sensing of heavy 

metals. One group developed a sensor for mercury ions based on the coordination of the 

thymine-mercury-thymine metal mediated base pair and gold nanoparticles.59 The N3 site of 

thymine can bind metals such as Cu2+ and Pt2+ and could possibly bind Au3+ ions due to their 

similarity (Cu being in the same group and Pt being isoelectronic).56 
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One study has found that there is some complexation of cytosine to Au+ (gold (I)) ions at 

the N3 atom through nuclear magnetic resonance spectra analysis.60 There is also evidence that 

cytosine can form a complex with [AuCl4]
- through binding at N3. X-ray crystallography was 

done on a complex of 1-methylcytosine and [AuCl4]
- and found three chlorine atoms and the N3 

bound to gold forming a near square planar geometry (typical of Au3+ complexes). However, 

unless stabilized by the appropriate ligands, this complex would not last long in biological fluids 

due to the high oxidizing ability of gold.61 Organometallic complexes with Au3+  can also occur 

through C5 binding of cytosine and uracil along with C8 binding in purines.10  

Guanine has also been found to bind Au3+. The guanine quartet formed has been found to 

aid in the aggregation of gold nanoparticles.62 AuCl3 has been shown to bind to the N7 position 

of guanine derivatives, but the purine skeleton will eventually be destroyed if kept in solution. It 

is suspected that this is due to oxidative degradation but is unconfirmed.63 

Adenine has the strongest affinity for gold ions. Adenine has many available sites (N1, 

N3, N7, N9, C6 amino)64 but binding usually occurs at the N1 or N7 sites (Figure 1.12A).56 

Adenine has been known to coordinate with Au3+ ions to self-assemble and form colloidal 

spherical metal-adenine particles. The proposed mechanism for this self-assembly suggested that 

the π-π stacking as well as the interaction of the nitrogen atoms in adenine with gold ions were 

the dominant force (Figure 1.12B).64  
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Figure 1.12 A) The coordination of adenine and gold B) the bottom up self-assembly of spherical 

colloids. Adapted with permission from reference 64. Copyright 2007 American Chemical Society.  

Sensors have also been made from the interactions between adenine and gold. For 

example, a light activated gold and adenine (adenosine) complex was studied (Figure 1.13). 

 

Figure 1.13 Gold and adenine fluorescent complex. Figure adapted from reference 65 with permission. 

Copyright 2013 American Chemical Society.  

Knowing the different affinities of each nucleobase for gold, these properties can be used 

for biosensing and the development of biomaterials. For example, a new fluorescent material can 

be made from adenosine and gold ions.65 Complexes formed from adenosine monophosphate and 

adenosine triphosphate have been identified as being able to produce fluorescence when exposed 

to light and heat.65 This new material can provide many new applications in the analytical and 

biomedical fields. 
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Au3+ ions and adenine containing compounds have also found applications in the sensing 

of DNA strands.  

 

Figure 1.14 A) Binding of metals and adenine containing substances B) Complex aggregates and 

the sensing of single stranded DNA. Figure adapted with permission from reference 66. Copyright 2013 

American Chemical Society.  

Other metal ions were tested alongside gold to see the effect of different complexes. These gold-

adenine complexes can detect single stranded DNA. Adsorption can be controlled by Watson-

Crick base pairing and tuning surface charge while the adsorption strength can be controlled by 

the choice of metal ions (Figure 1.14B).66  

1.4 Au3+ Detection 

 Taking advantage of the strong affinity between adenine and gold, Wu and Lai employed 

oligoadenines as a recognition probe for the electrochemical detection of Au3+ ions. A6 (six 
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adenines) and A12 with methylene blue tags were used to sense the Au3+ ions by forming Au3+ 

and adenine complexes (Figure 1.15A).67 These complexes would then change the current signal 

of the sensor (Figure 1.15B).68 In the absence of Au3+ ions, the sensors are flexible allowing 

efficient electron transfer between the electrode and the tethered methylene blue. However, when 

Au3+ was added, the current decreased likely due to the formation of an Au3+ - adenine complex 

and increasing the rigidity of the sensor. This is then restricting access of the methylene blue to 

the electrode, leading to a measurable signal suppression. The limit of detection could be tuned 

simply by changing the length of the sensor (50 nM Au3+ for A6, 20 nM Au3+ for A12). The 

longer DNA had a lower signal recovery after regeneration possibly due to the incomplete 

removal of the target due to having more binding sites. 
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Figure 1.15 A) Schematic of the poly-A electrochemical gold sensor B) alternating current voltammetry 

graphs of different length sensors with the addition of gold ions. Figures adapted from reference 68 with 

permission. Copyright 2016 American Chemical Society. 

 A phosphine-labelled fluorescein derivative (Figure 1.16B) has also been discovered to 

be a good sensor for Au3+ ions (Figure 1.16A). This was due to a double “turn on” response in 

which the concurrent oxidation and coordination of the phosphine group produced the highly 

fluorescent phosphine oxide and phosphine gold chloride derivatives of the ligand.69 The two 

turn on pathways are the oxidation of the phosphine group induced by the presence of Au3+ and 

the consequent reduction of Au3+ to Au+ then coordinating with another phosphine group (Figure 

1.16C).  

 

Figure 1.16 A) Fluorescence of sensor when tested with different metals B) structure of phosphine sensor 

C) proposed reaction scheme for gold sensing. Figure adapted from reference 69 with permission. 

Copyright 2016 American Chemical Society. 

 Silver nanoparticles (AgNPs) have also been used for the detection of Au3+ ions. N-

decanoyltromethamine was used as a stabilizing agent for the synthesis of AgNPs but was later 
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found to undergo decolorization in the presence of Au3+ ions. This sensing is based on a galvanic 

displacement reaction and has been applied to environmental water samples, being able to detect 

concentrations as low as 3.53 μM Au3+.70 

 Functionalized AuNPs have also been used to detect Au3+ ions. A colorimetric sensor 

based on the aggregation of nonionic fluorosurfactant (FSN) capped AuNPs has been reported 

with a detection limit of around 50 nM Au3+. Cysteine is known to trigger rapid aggregation of 

FSN-AuNPs in a high concentration of salt while its oxidized product (cystine) inhibits 

aggregation. Au3+ induces this oxidation and can therefore inhibit the aggregation of AuNPs, 

resulting in color changes (Figure 1.17).71 

 

Figure 1.17 Au3+ inhibits the aggregation of fluorosurfactant capped AuNPs causing a color change. 

Figure adapted from reference 71. Reprinted from Biosensors and Bioelectronics, 48, Bin Y.,Xiao-Bing 

Z. ,Wei-Na L.,Rong H,Weihong T,Guo-Li S,Ru-Qin Y, Fluorosurfactant-capped gold nanoparticles-based 

label-free colorimetric assay for Au3+ with tunable dynamic range via a redox strategy, 1-5, Copyright 

(2013), with permission from Elsevier. 

 Other fluorescent sensors for Au3+ include using a rhodamine derived alkyne probe that 

undergoes a ring opening and heterocycle formation resulting in a turn on fluorescence change72 
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and using a latent fluorophore which undergoes a selective Au3+- mediated hydroarylation 

reaction to turn on fluorescence.73 

1.5 Thesis Objective 

Much of the research published focused on each nucleobase separately or in the form of 

their respective nucleotides and nucleosides. The study of gold in its +3 oxidation state and DNA 

is also limited. Due to this limited study, the effects and complications of gold ions on the 

functionality of DNA can be further explored. Given the strong binding between gold and DNA, 

we may discover distinct interactions different from other metal ions. The purpose of this 

research is to study these interactions between gold ions and homopolymer DNA. After this 

fundamental study, I was also interested in testing the possible effects gold ions may have on the 

function of DNA. For example, some DNA has catalytic activity (known as DNAzymes).74 The 

effect of Au3+ on DNAzyme activity was also studied. By understanding the interactions between 

gold ions and homopolymer DNA, advances can be made in the field of DNAzymes, heavy 

metal detection, and biosensing.  
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Chapter 2 - Binding of Au3+ by DNA oligonucleotides 

2.1 Introduction 

The coordination of metal ions and DNA has been long studied. By looking at the 

interactions between metal ions and DNA, many conclusions have been drawn that led to the 

development of various devices for biosensing and a better understanding of how these 

interactions affect properties and structure of DNA. For example, the use of cisplatin in cancer 

therapy based on its ability to bind DNA.3  There are different affinities for different metals 

between the binding sites of the phosphate backbone and the different nucleobases. Metal ions 

have also been found to change the structure of duplex DNA by altering the base pairings such as 

the T-Hg-T and C-Ag-C metal mediated base pairs mentioned previously.  

While there have been extensive studies on the reactions between gold surfaces and 

DNA, the interactions between the gold ions (Au3+) with DNA are more limited possibly due to 

the strong oxidation power of Au3+. There have been some studies reporting on some interactions 

between Au3+ and nucleotides and nucleosides11,61,63 as well as possible sensing methods.66,68,69,73 

By studying the reactions between Au3+ and DNA, these interactions can have an impact on 

sensing, in vitro selection of DNA, and the effects on other functional DNA.  

In this chapter, I aimed to study the effect of pH, salt concentration, and DNA sequence 

with respect to the reactions of Au3+ ions and single stranded DNA. The selectivity of Au3+ for 

A15 DNA was also studied along with the reversibility of the formed complexes.  
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2.2 Experimental Methods 

2.2.1 Chemicals Used 

 The fluorescently labelled (fluorescein and Alexa647) DNA (Table 2) were all purchased 

from Integrated DNA Technologies Inc. HAuCl4 was purchased from Sigma-Aldrich. Milli-Q 

water was used for all experiments. 

Table 2. Sequences of DNA used in experiments (FAM is fluorescein) 

DNA Sequence 

FAM-A15 5′ –[6-FAM]-AAAAAAAAAAAAAAA-3′ 

FAM-G15 5′ –[6-FAM]-GGGGGGGGGGGGGGG-3′ 

FAM-C15 5′ –[6-FAM]-CCCCCCCCCCCCCCC-3′ 

FAM-T15 5′ –[6-FAM]-TTTTTTTTTTTTTTTT-3′ 

Alexa647-A15 5′ –[Alexa647]-AAAAAAAAAAAAAAA-3′ 

Random 24mer 5′-[6-FAM]-ACGCATAAGAGAACCTGGG-3′ 

Random 24mer cDNA 5′-CCCAGGTTCTCTTATGCGT-3′ 

 

2.2.2 Gel Electrophoresis  

Gel electrophoresis is an analytical technique that separates molecules based on charge 

distribution, mass, and shape. The principle of electrophoresis is based on the fact that 

electrically charged biomolecules will move freely towards the electrode of opposite charge 

when placed in a field of strength E. Depending on their physical traits and the experimental 

system used, each molecule will move at different velocities. The velocity can be described using 

equation 1.75 
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𝑣 = 𝐸𝑞/𝑓                                                                     (1) 

q is the net charge on each molecule, v is the velocity of movement, and f is the frictional 

coefficient. The frictional coefficient is dependent on many factors such as mass, compactness, 

buffer viscosity, and porosity of the gel. For DNA, the charge distribution is particularly uniform 

due to the phosphate group that confers a single negative charge per nucleotide. Due to this 

property DNA fragments are separated due the differences in net charge and hence, the size of 

each fragment. The most common medium for electrophoresis to be performed in are gels. 

Hydrated gel networks are mechanically stable, allow post electrophoresis manipulation, and are 

usually chemically unreactive or minimally reactive with the biomolecules. This ensures that the 

molecules are separated by physical differences. The two commonly used gel types are agarose 

and polyacrylamide gels. Agarose gels can determine DNA molecular masses; however, they are 

not as mechanically stable as polyacrylamide. Polyacrylamide is much stronger and suitable for 

proteins and nucleic acids. It is formed by the polymerization of acrylamide cross-linked by a 

methylene bridge (Figure 2.1).75 

 

Figure 2.1 Polymerization of acrylamide, the reaction is initiated by persulphate radicals and catalyzed by 

tetramethylethylenediamine (TEMED). Figure adapted from Reference 75. 
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  The gel used in these studies are a 15% denaturing polyacrylamide gel (dPAGE; 

denaturing polyacrylamide gel electrophoresis). This gel is denaturing due to the addition of 8M 

urea in the gel. The analysis of single stranded and double stranded DNA molecules can be 

hindered by their secondary structures. The denaturing agent unfolds the DNA by disrupting the 

inter-base hydrogen bonds (Figure 2.2).  

 

Figure 2.2 Urea denaturing the secondary structure of double stranded DNA. Figure adapted from 

reference 76. Copyright 2011 National Diagnostics.  

Another aspect of gel electrophoresis is the loading buffer. The loading buffer usually 

contains something dense, such as glycerol or urea, to allow the sample to “fall” inside the wells 

as well as a tracking dye. These dyes migrate in the gel and allow for visual tracking of the 

electrophoresis progress. The dye used in the following experiments was a 1x bromophenol blue 

diluted in urea. 

In the following electrophoresis experiments, polyacrylamide gels were prepared from a 

15% polyacrylamide stock solution using TEMED (Tetramethylethylenediamine) and APS 

(ammonium persulfate) as polymerization catalysts. 10 μL of the reaction mixture (including 
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dye) was loaded into each well. Gels were then run for 1.2 hours in 10% TBE (Tris-Borate-

EDTA (ethylenediaminetetraacetic acid)) buffer at 200 V and 300 mA. 

2.2.3 Fluorescence Spectroscopy 

Fluorescence spectroscopy is an analytical technique that measures the fluorescence 

intensity of a substance containing a fluorophore. Fluorescence is produced when the 

fluorophore absorbs a photon of a certain wavelength which excites its electrons to a higher 

energy state. When this electron relaxes, it releases a photon at another wavelength which can 

then be detected by a fluorometer. Fluorescence readings were then taken with the Horiba 

Spectrophotometer with a slit width of 5 nm and an excitation and emission wavelength of 495 

nm and 520 nm for FAM labelled DNA and 650 nm and 670 nm for Alexa647 labelled DNA. 

Reactions using FAM labelled DNA were done using pH 4 acetate buffer then put into pH 7 

phosphate buffer for reading. Alexa647 labelled DNA was used for kinetics studies and the 

reaction was done directly in the cuvette at pH 4.   

2.2.4 Buffers 

 Buffers used in these experiments are phosphate buffer, acetate buffer, and TBE. 

Phosphate has 3 pKa values of 2.16, 7.21, and 12.32. Phosphate buffers of pH 8 and pH 6 was 

used in these experiments. Stock phosphate buffer was prepared at 500 mM concentration then 

diluted and adjusted to the correct pH using HCl and NaOH. 

 Acetic acid has a pKa of 4.75. For these experiments, an acetate buffer of pH 4 was used. 

Similar to the phosphate buffer, a stock was prepared then diluted and adjusted to the correct pH 

using HCl and NaOH.  TBE buffer was diluted down to working concentration from a pre-

purchased stock solution. 
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2.3 Results and Discussion 

2.3.1 A15, C15, G15, T15 DNA binding to Au3+ 

 Each nucleobase has the capability to bind metal ions as shown in previous studies. As a 

start to studying these properties, single stranded, 5- FAM labelled homopolymer A15, C15, G15, 

and T15 DNA (1 μM) were respectively incubated together with Au3+ ions (HAuCl4) (90 μM) for 

1 hour at room temperature. The samples were then analyzed by dPAGE. Due to the presence of 

8 M urea and EDTA, the dPAGE is a rather harsh condition. Thus, if the band is shifted or 

disappeared, it suggested that Au3+ formed a very stable complex that survived the 

electrophoresis condition. Even though there may not be a change in band distribution in the 

resulting gel, there still may be a reaction with Au3+ but the product was not stable enough to 

survive the harsh denaturing conditions (high concentrations of urea and EDTA) of the gel.  

 

Figure 2.3 Binding of 90 μM Au3+ with 1 μM FAM-A15 DNA, FAM-G15, FAM-T15, and FAM-C15 DNA 

under low (pH 4 acetate buffer with 25 mM NaCl) and high (pH 8 phosphate buffer with 25 mM NaCl) 
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pH. Samples were incubated at room temperature for 1 hour then heated to 80°C for 5 minutes before 

loading into dPAGE.  

 Of the four different homopolymer DNA strands tested, only A15 (Figure 2.3 top left) and 

G15 (Figure 2.3 top right) showed a significant change in the band distribution when compared to 

their respective controls. C15 (Figure 2.3 bottom right) and T15 (Figure 2.3 bottom left) showed 

little if any reaction.  

Starting with FAM-A15, the control consisted only of FAM-A15 in pH 4 acetate buffer 

and was a well-defined band (A15 gel lane 1), which suggested that the DNA was quite pure.  

When the DNA and Au3+ ions were incubated at pH 4, there was significant quenching of the 

fluorophore as well as a faint band lower in the gel (A15 gel lane 2). The faster migration rate 

could have been due to a conformation change induced by the coordination of the Au3+ ions to 

the adenine and the folding of DNA into a more compact shape. It was also notable that the 

structures formed by the reactions of A15 and Au3+ were stable enough to survive both heating 

(A15 gel lane 5) as well as being put through a denaturing gel, retaining the quenched 

fluorescence for imaging. However, the samples at pH 8 (A15 gel lane 3,6) did not show 

fluorescence quenching. This could have been that the Au3+ ions were binding with the excess 

OH- ions in solution. As pH increased, the formation of gold-hydroxide complexes [AuCl(4-

x)OHx]
- increased.77 The attachment of OH- ions to the gold center could have possibly interfered 

with the binding to adenine bases. The excess amounts of OH- ions could have also affected the 

electrostatic activity between the Au3+ and DNA. Because there was no quenching observed did 

not mean that there was no reaction, but that any formed complexes were not stable enough to 

remain through heating or the denaturing gel. 
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 G15 was also seen to have reactions with Au3+. However, unlike A15, the control band of 

G15 was not one well defined band but two bands with the first band above the second (G15 gel 

lane 1). Poly-G DNA is known to form secondary structures with itself, such as dimers or 

quadruplex DNA. This upper band also dropped in fluorescence significantly upon heating 

leading to the conclusion that the structures formed were not as stable. Upon the addition of gold, 

smearing of the bands was observed similar to the bands in A15. G15 retained more of the 

fluorescence in the lower band at pH 4 but the upper band was very faint (G15 gel lane 2). The 

lower band also travelled further down the gel similar to the complex with adenine at pH 4. 

However, there was significantly more fluorescence intensity in G15. Although the Au3+ could be 

binding to G15 in a similar fashion to A15, the resulting structure was not stable enough to go 

through denaturing and fluorescence was recovered. Au3+ had been found to bind guanine 

previously, but the resulting structure is very unstable in solution and the gold could have 

oxidized the purine ring.63 Upon heating, the pH 4 sample (G15 gel lane 5) more closely 

resembled A15, however, due to the necessity of heating, the overall stability of the Poly-G-Au3+ 

complex was questionable. In the pH 8 sample (G15 gel lane 3,6), the band positions were 

different from the sample at pH 4 but similar to the control. However, there was no band lower in 

the gel, just the two bands at a similar position to the control. This could mean that at higher pH, 

the gold was not reacting with the DNA to the degree seen at pH 4. After heating there was more 

intensity in the lower band of the control (G15 gel lane 4) most likely due to the breaking apart of 

secondary structures by heating. 

 T15 DNA showed no change in the band distribution from the control. This was not 

surprising since thymine has the lowest affinity for metal ions and usually only one available 
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binding site. However, reactions may still have occurred but were not stable enough to survive 

electrophoresis conditions.  

 C15 DNA also did not seem to have any reactions with Au3+. There was a faint upper 

band in the control (C15 gel lane 1), pH 4 (lane 2), and pH 8 (lane 3). However, this band 

disappeared upon heating (C15 gel lanes 4,5,6). This could have been due to the fact that C- rich 

DNA can form secondary structures, such as the i-motif. i-motif DNA is usually most stable at 

pH 5 – 6, which is close to pH 4. If this was not the i-motif forming, the Au3+ could have been 

crosslinking some of the C15 DNA, but these structures were not very stable as they completely 

disappeared upon heating.  

 The above analyses used fluorescence quenching as the method of determining whether 

any reaction or complexation happened between the DNA and the Au3+. Hence, a discussion of 

possible quenching mechanisms would prove helpful in understanding these reactions. 

 The covalently bound Au3+ acts as a fluorescence quencher. There are two possible 

mechanisms of fluorescence quenching for the scenarios above. These two are an energy transfer 

or an electron transfer. Fluorescence occurs when electrons in the fluorophore are excited to a 

higher energy by an incident wavelength. The photon released upon relaxation back to ground 

state is what we then observe as fluorescence. Each fluorescent material usually has an 

absorption wavelength and an emission wavelength. In the case of quenching by energy transfer, 

there usually needs to be an overlap between the absorption spectrum of the quencher and the 

emission spectrum of the fluorophore. So, the energy released by the fluorophore is absorbed by 

the quencher. This then results in a reduced fluorescence lifetime and less fluorescence is 

observed. This type of fluorescence quenching is unlikely for the systems described above. This 

is due to the lack of spectra overlap between fluorophore (FAM) and the quencher (Au3+). The 
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form of Au3+ used in the reactions ([AuCl4]
-) has been seen to absorb as 313 nm77 while the 

emission wavelength of the FAM label is around 520 nm. Therefore, there is no overlap making 

this an unlikely mechanism for quenching. 

 The second possible quenching mechanism, an electron transfer, is the more likely case 

in this scenario. An excited electron can be transferred to the attached gold due to the 

conformation change brought about by the complexation of the Au3+ and the DNA. This results 

in a no fluorescence at all, which was seen in the A15 gels.  

2.3.2 Binding of Au3+ by A15 as a function of Salt  

 The previous study showed that A15 DNA and Au3+ ions had the ability to form a very 

stable complex. Since Au3+ was initially complexed with Cl-, and the affinity between Au3+ and 

halides follows the rank of F- < Cl- <Br- <I-, it would be interesting to see the reaction between 

DNA and Au3+ with different ligands. To get a better idea of these interactions, Au3+ and A15 

DNA were further studied through varying the salt concentration and type.  

 Factors that affected binding such as salt concentration, temperature, pH and competition 

with other molecules were studied. As seen previously, the pH at which the reaction took place 

was an important factor in the study of this binding. The binding clearly favored a lower pH in 

order to take place, seeing almost no change in band distribution at higher pH levels possibly due 

to the interference of increasing levels of OH-. 

 Salt, in this case sodium chloride (NaCl) was added to the reaction buffer to stabilize 

charge on the DNA strands, thus reducing electrostatic repulsion and increasing binding. Without 

some type of salt, there was very little covalent binding of Au3+ to the DNA (Figure 2.4, 0 mM 
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salt). The effects of different salts on the complexation of Au3+
 and FAM-A15 DNA can be seen 

in Figure 2.4 and 2.5. 

 

Figure 2.4 Effect of different salts at different concentrations. Samples contain 90 μM Au3+ and 1 μM A15 

DNA incubated for 1 hour at pH 4 acetate buffer. Each salt was added to the buffer prior to incubation to 

obtain the noted concentrations.  
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Figure 2.5 A) Relative fluorescence intensity post-electrophoresis of different buffer salts B) 

comparison of NaCl and NaBr buffer salts 

 The state of gold in the reaction was not naked Au3+ but bound to other atoms. The 

original source of Au3+ was HAuCl4, therefore the Au3+ originally existed in solution as [AuCl4]
- 

with the possibility of small amounts of AuCl3. While the cation of the salt provides the charge 

screening necessary for the interaction of the Au3+ and DNA, the anion may affect this initial 

gold structure by replacing one or more of the Cl- to form new complexes before binding to 

DNA (Figure 2.6).  
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Figure 2.6 A possible scheme for Au3+ binding with adenine in A15. Since Au3+ comes from HAuCl4, it 

first exists in solution at [AuCl4]-. Upon the addition of other reagents, one or more Cl- can be replaced by 

other ligands to form [AuCl(4-y)Xy] based on affinity before binding to N1 or N7 sites on the adenine bases 

in the DNA (X= F-, Cl-, Br-, I-, OH-) 

 First, sodium fluoride was used as the buffer salt. The binding in the NaF gel was similar 

to having no salt at all (Figure 2.4A). This was not unexpected since F- has the lowest affinity for 

gold and would not replace any of the initial Cl- in [AuCl4]
-. Although the buffer with NaF may 

have had some binding, it was most likely noncovalent and did not survive denaturation. Iodide 

also showed no quenching (Figure 2.4D). Iodide has the highest affinity for gold78 (Table 3) and 

would easily replace the Cl-. Due to this high affinity, the iodide was not easily removed by the 

DNA and thus no complexation with the DNA was seen.  

Table 3. Formation constants with Au3+.  

X- 4 (Au3+) 

Cl- 1x1026 

Br- 1x1032 

I- 5x1047 

CN- ~1056 

  

Chloride and bromide did show signs of facilitating complex formation. At concentrations above 

25 mM for NaCl (Figure 2.4B) and 10 mM of NaBr (Figure 2.4C), there was quenching of the 

fluorophore indicating the formation of the Au-A15 complex. Interestingly, the reaction in the 

presence of Br- appeared to be more complete than with Cl-. Although, Br- has a higher affinity 

for gold, it may be more readily removed by the DNA or by allowing the conformation change to 

bring the gold closer to the FAM label, resulting in more quenching. However, there seemed to 

be a threshold for Br- since the fluorescence is coming back at 100 mM NaBr. Br- being a better 
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catalyst when compared to Cl- for such activity has also been reported in gold nanoparticle 

conjugation where it showed higher DNA adsorption in the formation of AuNP-DNA 

conjugates.40 NaI and NaF were added in addition to NaCl and NaBr (Figure 2.5B) to see what 

effect these had on the ability of Cl- and Br- to facilitate binding. Samples with NaF showed 

similar binding to samples without NaF, but samples including NaI showed very little change in 

fluorescence. These can confirm that there might have been a switching of ligands attached to 

Au3+ before binding with the DNA and that not all the Cl- initially attached to the Au3+ center is 

replaced. It is more likely that only some are replaced since there is still a slight drop in intensity 

when NaI was used.  

2.3.3 Stable Binding of Au3+ 

 The selectivity of Au3+ for polyadenine DNA was tested by comparing pure A15 DNA to 

a random DNA strand with a sequence of 24 random bases. Two additional metals, lead (Pb2+) 

and mercury (Hg2+), were used for comparison. Hg2+ is isoelectronic to Au3+ and Pb2+ is a heavy 

metal atom (Figure 2.7).   

 

Figure 2.7 Binding of gold, lead, and mercury ions (90 μM and 1.8 mM) to A15 and a random 24mer 

DNA (1 μM) in acetate buffer (pH 4 with 25 mM NaCl) 
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Pure FAM-A15 DNA showed no reaction with Hg2+ and Pb2+ under the same conditions 

even though Hg2+ has a similar capacity to bind halides. For comparison, metal concentrations of 

20 times higher were also tried. The binding of Au3+ and A15 DNA were very selective for each 

other. There was no change in the band distribution from the control in both the lead and 

mercury samples whereas there was very clear smearing and fluorescence quenching in the A15 

samples. Even at 20 times the metal concentration, there was still no change in band distribution 

for lead and mercury. In the random 24mer, the reaction between the DNA and the Au3+ may 

also involve coordination and binding to the guanine bases as well. As seen before, the Au3+ also 

binds to guanine bases and formed less stable complexes.  

 The complementary DNA (cDNA) to the random 24mer DNA used previously was 

incubated with Au3+ ions to study the effect of a competitor molecule as well as the effect on 

double helix formation (Figure 2.8). 

 

Figure 2.8 Effects of gold on complementary DNA (cDNA) 

There was both band smearing and fluorescence quenching when both cDNA and Au3+ 

were added. Both were added at the same time and allowed to incubate for 1 hour at room 
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temperature. Compared to the cDNA+DNA lane, when Au3+ was added, there is still a faint band 

where the duplex was formed. Although this band was very faint, this could mean that the duplex 

DNA was still forming and the Au3+ was perturbing, but not completely destroying the binding 

of the nucleobases.  

2.3.4 Fluorescence Studies 

Fluorescence spectroscopy was used to monitor binding kinetics in real time. Also, the 

conditions for fluorescence spectroscopy were not as harsh as dPAGE, hence any reactions that 

would have been destroyed by electrophoresis could be observed. Fluorescence studies were 

conducted with both Alexa and FAM labelled DNA. Binding was studied as a drop or decrease 

in the fluorescence signal.  

 

Figure 2.9 Kinetic effects of using NaCl and NaBr as buffer salts in pH 4 acetate buffer 
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Table 4. First order rate constants. Fit to F = F0 +a(1-e-kt). 

Salt Concentration kobs (mins-1) R2-value 

No Salt 0.60 0.9518 

100 mM NaBr 0.91 0.8204 

100 mM NaCl 1.5 0.9187 

10 mM NaBr 1.9 0.9982 

 

The kinetics of the reaction were plotted in Figure 2.9 with variations in the buffer salt. 

The reaction was then fitted to first order rate constants (Table 4). The samples that contained no 

salt were clearly very slow to react completely. Without the addition of salt, the binding of Au3+ 

to the DNA was most likely not covalent and was easily destroyed upon heating and denaturing. 

By adding NaCl and NaBr, the rate constant went up. Similar to the gel results, at 10 mM of 

NaBr, the reaction went to completion much faster (k = 1.9 mins-1) than 100 mM NaCl (k = 1.5 

mins-1) with more of the DNA being quenched. In addition to increasing the rate constant, the 

sample with 10 mM NaBr also showed a much steeper drop in the beginning indicating that the 

Br- promoted faster binding than the Cl-. The reaction rate also went down at 100 mM NaBr, 

matching the gel studies. Although reaction kinetics were modelled as first order, there are 

possible complications. The exact number of Au3+ that could bind to each A15 DNA is still 

unknown. If the binding was not 1:1, the effect of additional Au3+ binding to the same DNA 

strand and the effect that had on the degree of fluorescence quenching should be studied further.  

Some of this can be seen in Figure 2.9. Other than the 10 mM NaBr sample, the other 

samples showed somewhat two-phase reaction kinetics. There was an initial fast decrease of 
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fluorescence up until around 4 minutes. Past this point, the fluorescence continued to drop but at 

a slower rate. One possibility is that as each A15 strand was getting more saturated with Au3+, the 

previously bound Au3+ ions were inhibiting the further binding of more Au3+. Another possibility 

is that the Au3+ was acting as a quencher for more than one strand of A15. After saturating one 

strand of A15, the Au3+ could crosslink with other strands of DNA that still had sites available for 

binding.  

2.3.5 Fluorescence Recovery 

 

Figure 2.10 Fluorescence recovery using potassium cyanide (KCN), glutathione (GSH), and free 

adenosine 

Potassium cyanide (KCN), glutathione (GSH) and free adenosine were added to samples 

post incubation to try to disrupt the binding and recover the fluorescence (Figure 2.10). The CN- 

has a very high affinity for Au3+ (Table 3) and could easily remove the gold from the DNA. The 
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fluorescence signal increased with the concentration of KCN added to almost complete recovery 

at 1 mM KCN. GSH also recovered fluorescence when added post incubation. However, when 

added during incubation, the GSH almost completely inhibited the binding between A15 DNA 

and Au3+ ions. Au3+ is highly thiophilic and has a much higher affinity for thiols than the 

nucleobases and was most likely binding to the thiol group in GSH. Therefore, when added 

during incubation, the DNA could not out compete the Au-S binding of the GSH. The free 

adenosine had little to no effect on the binding. This showed that although the DNA has a faster 

migration rate, the fact that fluorescence could be recovered suggests that this interaction is 

reversible binding as opposed to irreversible cleavage.  

2.4 Conclusions 

 The binding properties of fluorescently labelled A15 DNA and Au3+ ions were studied 

using gel electrophoresis and fluorescence spectroscopy. When compared to other fluorescently 

labelled homopolymer DNA (C15, T15, G15), A15 was the only one that showed a clear binding 

and coordination of Au3+ through the quenching of the fluorophore. Further studies were aimed 

at the formation and stability of the Au3+ - A15 complex. Complex formation of Au3+ and A15 

favored a lower pH environment compared to a higher pH environment. The formed complex 

was stable enough to survive the addition of a denaturing agent, urea, as well as post incubation 

heating to 80℃ and dPAGE conditions. Salt was found to be necessary to reduce long distance 

charge repulsion and was equally important in facilitating the binding of A15 to Au3+ and 

complex formation. Out of 4 sodium salts (NaF, NaCl, NaBr, NaI) only two of the salts (NaCl 

and NaBr) showed evidence of complex formation. Interestingly, the addition of Br- showed a 

larger drop in fluorescence as opposed to Cl-, contrary to established trends. The concentration of 

Br- and Cl- also affected rate of reaction with 10 mM Br- showing faster reaction speed than 100 
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mM Cl- but 100 mM Br- showed a decrease in reaction which agrees with the fluorescence 

observed in the gel electrophoresis studies. First order reaction rate constants were found to be 

0.60 mins-1, 0.91 mins-1, 1.5 mins-1, and 1.9 mins-1 for buffers with no salt, 100 mM NaBr, 100 

mM NaCl, and 10 mM NaBr respectively. 

 Moving forward from purely single base DNA sequences, this binding was observed 

using a random sequence of 24 bases. In the presence of other bases and metal ions, the Au3+ 

ions were still solely coordinated by the DNA strand showing that the binding sites in adenine 

have a very high affinity for Au3+. The complement of the random 24mer DNA was also looked 

at for competition with Au3+. The cDNA was unable to hybridize with the 24mer in the presence 

of Au3+ leading to the conclusion that the gold out competes the cDNA for binding and the 

resulting complex does not allow complete hybridization.  

 As strong as this binding was, it was not irreversible. Fluorescence was able to be 

recovered. Fluorescence recovery was tested with three reagents, potassium cyanide (KCN), 

glutathione (GSH) and free adenosine. KCN and GSH were able to effectively recover a 

fluorescence signal after complex formation. KCN was able to almost completely recover the 

fluorescence while GSH recovered about 60% when added post incubation. The adenosine was 

not able to recover the fluorescence.  

 This strong binding has many implications on possible applications. First, the 

hybridization of DNA strands is greatly inhibited in the presence of Au3+. Depending on the 

system being studied, this property could present an obstacle when trying to hybridize any DNA 

containing adenine bases. The DNA would likely be unable to bind any other substances. The 

presence of Au3+ will also affect the properties of other functional DNA (aptamers, DNAzymes, 

etc) by out competing other substrates and disrupting the intended effects.    
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Chapter 3 - Effect of Au3+ on DNAzyme activity 

3.1 Introduction 

The notion for using DNA as possible biosensors first came about in the early 1990s 

when scientists first developed a method for selecting RNA (ribonucleic acid) sequences that 

could bind to target molecules.79 These oligonucleotide sequences were then named aptamers, 

derived from the Latin aptus meaning “to fit”. Following these RNA aptamers, DNA aptamers 

were also discovered.80 Due to their unique properties, aptamers have become very popular 

molecular tools for therapeutic and diagnostic applications. First, the target for aptamer binding 

can vary greatly from small molecules to large proteins, depending on the binding specificity, 

thus giving aptamers a wide range of biosensing applications.81 DNA aptamers can also be 

reproduced with high purity and are usually very chemically stable. Finally, aptamers can 

undergo conformational changes upon target binding and can offer sensors with high sensitivity 

and selectivity.81 Aptamers have been found to aid in the detection of bacteria such as 

Staphylococcus aureus,82 as well as being able to functionalize the surface of both silver and gold 

nanoparticles.83,84  

The word DNAzyme comes from a combination of DNA and enzyme. It has been shown 

that many DNA molecules can catalyze a variety of reactions in a manner similar to enzymatic 

activity. The reactions that DNAzymes can catalyze are very similar to the reactions catalyzed by 

RNAzymes(ribozymes) such as cleavage of DNA/RNA, ligation, phosphorylation, cleavage of 

phosphoramidate bonds, and porphyrin metalation.85 However, in order for DNAzymes to be 

effective in its applications, they must be able to compete with other catalysts for efficiency and 

diversity. Due to the structural limitations of DNAzymes (only 4 nucleobases available) and the 

absence of the 2′-OH(compared to RNAzymes), cofactors have been employed to overcome 
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these limitations; the most popular being metal ions.85,86 Divalent metals such as magnesium, 

zinc, and calcium ions play a vital role in the catalytic function of DNAzymes.  

s 

Figure 3.1 Examples of DNAzymes A) “10-23” DNAzyme with RNA cleaving activity B) “8-17” 

DNAzyme with RNA cleaving activity. Figure adapted from Reference 85. 

 

Figure 3.2 Cleavage action of 17E DNAzyme on a substrate catalyzed by metal ions. Figure adapted 

from Reference 86. Reprinted by permission from Springer Nature Customer Service Centre GmbH : 

Springer Nature, Nature Chemical Biology Kim, H.-K., Rasnik, I., Liu, J., Ha, T. & Lu, Y. Dissecting 

metal ion-dependent folding and catalysis of a single DNAzyme., 2002. 
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Figure 3.3 Possible mechanism of DNAzyme cleavage. A) negative charge stabilization of oxygen atom, 

B) activation of the nucleophilic hydroxyl by deprotonation or coordination, C) stabilization of the 

negative charge built-up on the oxygen of the leaving group, D) general base catalysis. Figure adapted 

from reference 87.  

The folding of the DNAzyme induced by divalent metals allows the positioning of the substrate 

and the functions involved in the catalytic step. The divalent metal ion will then activate the 

nucleophilic 2′-hydroxyl group. This leads to a nucleophilic attack on the phosphorus center 

which leads to the pentavalent intermediate that is then broken down into a 2′,3′-cyclic phosphate 

and 5′-OH products (Figure 3.3).87 

 DNAzymes have become widely used as detectors and sensors. Some examples include a 

mercury sensor made from the 10-13 DNAzyme (Figure 3.1A)88 and a lead sensor using the 17E 

DNAzyme (Figures 3.1B and 3.2).89 

Both DNA aptamers and DNAzymes have been known to interact with metal ions. In the 

case of DNA aptamers, these interactions have been studied for the detection of metals such as 

lead and mercury ions.90,91 As previously mentioned, divalent metal ions are essential for the 

catalytic function of DNAzymes. Both interactions are based on the complexes and chemical 
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reactions formed by the reactions and coordination of the metallic ions and the individual nucleic 

acids that make up the aptamer or the DNAzyme. 

 In the previous chapter, the very strong binding of Au3+ and adenine DNA was studied. 

These interactions have the potential to disturb the functions of DNAzymes and could affect the 

cleavage rate and efficiency. The effects of Au3+ on the activity of DNAzymes has not been well 

studied before. Since the 17E DNAzyme is well studied and known to have good cleavage 

action, it was used in the following studies as a model to see the effect of Au3+ ions on the 

cleavage activity of DNAzymes. 

3.2 Experimental 

3.2.1 DNAzyme preparation 

The 17E DNAzyme and PO substrate (Table 5) were purchased from Integrated DNA 

Technologies Inc.  

Table 5. Sequences of 17E and PO substrate 

Name Sequence (5′ – 3′) 

17E DNAzyme CAGTGCTCAGTGATAAAGCTGGCCGAGCCTCTTCTACCGC 

Substrate (PO) FAM-TCAGACCTAGGAAGTTGCAGTACTCCGCTTGC 

The DNAzyme and substrate were first annealed together to form a duplex. 17E and PO were 

mixed together in 10 mM of pH 6.0 MES(2-(N-morpholino) ethanesulfonic acid) buffer with 25 

mM NaCl. This solution was then heated to 95°C for 1 minute then slowly cooled to 4°C for 30 

minutes in a thermal cycler. 
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3.2.2 Activity assay 

This working solution of DNAzyme and substrate was then combined with a zinc catalyst 

(ZnCl2) and other experiment reagents in 10 mM pH 6.0 phosphate buffer with 25 mM NaCl and 

incubated for 1 hour at room temperature. After incubation, dye containing 8M urea was added 

and samples were loaded into a denaturing polyacrylamide gel then run for 1.2 hours at 200 V 

and 300 mA.  

Electrophoresis bands were then quantified based on relative fluorescence intensity. The 

percentage cleaved was calculated using Image Lab software as band percentage. Total lane 

intensity was calculated as intensity of cleaved product (lower band) + intensity of uncleaved 

duplex (upper band) in each lane.  

3.3 Results and Discussion 

3.3.1 DNAzyme activity in the presence of Zn2+ 

 To understand the effect of Au3+, we chose to study the 17E DNAzyme. To follow its 

cleavage activity, the substrate strand was labeled with a FAM fluorophore. The enzyme strand 

was then hybridized with the substrate strand to form the DNAzyme complex. Before studying 

the effect of Au3+ on the cleavage ability of the 17E DNAzyme, the activity of the DNAzyme in 

the presence of Zn2+ was tested first, and denaturing gel electrophoresis was once again used to 

follow the cleavage activity. 
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Figure 3.4 The cleavage action of 17E with regards to Zn2+ concentration 

 If the DNAzyme was active, then a short product was produced that migrated faster down 

the gel (Figure 3.4). Without the addition of Zn2+ into the DNAzyme complex (substrate plus 

enzyme), no cleavage was observed (lane 1). The cleavage ability of the 17E enzyme increases 

with increasing concentration of Zn2+ (lanes 2-6) and peaked at around 71% cleavage with 100 

µM Zn2+. This indicated that the cleavage required both the enzyme strand and Zn2+, consistent 

with the literature.92 
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3.3.2 Effect of soft metal ions on the activity 

 

 

Figure 3.5 A) The effects of Au3+, Hg2+, and Cu2+ ions on the action of 17E B) A graph quantifying the 

drop in cleavage 

The effect of other metal ions in addition to Zn2+ were then studied. Without the addition 

of any additional metal ions, the DNAzyme cleaved the substrate very well, increasing the 

percent cleaved with increasing concentration of Zn2+ (Figure 3.3). In addition to Au3+ two other 

metals were tested for comparison, Hg2+ and Cu2+ (Figure 3.5A) and their effects on the 

percentage of substrate cleaved were summarized (Figure 3.4B).  While Hg2+ dropped cleavage 
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to 30%, Cu2+ had very little effect on the cleavage ability of the 17E DNAzyme. However, there 

was a clear inhibition of activity for concentrations of Au3+ 25 mM and greater.  

Binding activity of Au3+ was indicated by the change in total fluorescence intensity of 

each lane. Total lane intensity remained constant for Cu2+ and Hg2+, however the lane intensity 

dropped to 62% of its original intensity when going from 10 μM Au3+ to 25 μM Au3+. Band 

smearing was also observed and used as evidence of binding occurring.  

There was a similarity to the smeared bands observed in the reaction of polyadenine and 

Au3+, however these smeared bands were much higher in the gel. This indicated that the Au3+ 

ions were binding to the duplex formed by the DNAzyme and PO substrate. This smearing was 

higher than the uncleaved bands suggesting that the gold could have possibly been crosslinking 

the 17E-PO duplexes to form larger structures that survived denaturation. These complexes were 

then unable to bind with the Zn2+ necessary to catalyze the reaction. 

3.3.3 Discussion 

 Three different metal ions were compared for their reactions with the 17E DNAzyme. 

Au3+, Hg2+, and Cu2+ were added to the DNAzyme-substrate duplex and were studied in terms of 

inhibition and stability. Cu2+ had almost no effect on the cleavage ability. Hg2+ showed some 

inhibition, dropping the cleavage percentage down to around 30%. Au3+ had the most inhibitory 

effect as there was no cleavage past 25 uM. Au3+ also formed the most stable complex, able to 

survive denaturing electrophoresis. Complexation is shown by the smearing of bands, similar to 

the reaction with A15 DNA. The higher position of the bands suggests that Au3+ was able to 

crosslink the DNAzyme-substrate duplex. Since this behavior was observed in both the A15 and 

the DNAzyme experiments, gold could be a useful chemical for the stable crosslinking of DNA 

strands. 
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 Through the study of these interactions, it is clear that attention needs to be paid to Au3+ 

when working with DNA or doing DNA based assays, not only when using DNAzymes, but all 

sorts of DNA aptamers or DNA probes. Au3+ is very likely to interfere with the performance of 

the DNA. 

3.4 Conclusions 

 Based on the previous studies of complexation between A15 DNA and Au3+ ions, the 

impact of these interactions on the cleavage activity of the 17E DNAzyme was studied. Under 

normal conditions, the 17E DNAzyme cleaved an RNA substrate in the presence of a Zn2+ 

catalyst. Without the addition of other metal ions, 17E had a cleavage percentage of 71% with 

100 μM of Zn2+.  In addition to Au3+, Hg2+ and Cu2+ ions were also tested. Au3+ showed the most 

inhibitory effect, completely deactivating the DNAzyme at concentrations of 25 μM. Both Hg2+ 

and Cu2+ showed a much less inhibitory effect with Hg2+ dropping the cleavage to around 30% 

and Cu2+ doesn’t not seem to have an effect. The higher position of the smeared bands in the 

presence of Au3+ suggests that the gold is interacting with the 17E-PO duplex, possibly 

crosslinking to construct larger structures.    
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Chapter 4 - Conclusions and Future Work 

4.1 Conclusions 

The interactions between gold ions (Au3+) and DNA were studied using FAM and Alexa 

labelled DNA in combination with techniques such as gel electrophoresis and fluorescence 

spectroscopy. From the gel electrophoresis studies, C15 and T15 DNA did not show any notable 

interactions with Au3+ ions. G15 showed some reactions indicated by different band distributions, 

however the complexes formed by the G15 were not stable under denaturing conditions. A15 

DNA showed the highest activity with Au3+, forming a stable complex that survived harsh 

dPAGE conditions. 

The complexation of A15 DNA and Au3+ ions was found to be pH dependent and favored 

a lower pH (pH 4) over a higher pH (pH 8). The complex was also strong enough to endure post 

incubation heating as well as a denaturing gel. This binding may have also caused a 

conformational change in the DNA itself, evidenced by the bands being lower in the gel than the 

control. The binding of the A15 DNA and Au3+ could be disrupted and the fluorescence was able 

to be recovered by potassium cyanide (KCN) and glutathione (GSH) but not adenosine. 

The effects of salt on the formation of the A15 – Au3+ complex was studied using four 

different salts (NaF, NaCl, NaBr, and NaI). No complex formation was observed when NaF or 

NaI was used as a buffer salt. However, both NaCl and NaBr facilitated the formation of the 

complex. First order kinetic rate constants were determined to be 0.60 mins-1, 0.91 mins-1, 1.5 

mins-1, and 1.9 mins-1 for complex formation with no salt, 100 mM NaBr, 100 mM NaCl, and 10 

mM NaBr respectively. Lower concentrations of NaBr showed faster binding of DNA and Au3+ 

when compared to NaCl, but higher concentrations of NaBr slowed down the reaction.  
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  This interaction between Au3+ ions and adenine DNA also had implications in DNAzyme 

activity. The addition of Au3+ ions at high enough concentrations inhibited the cleavage activity 

of the 17E DNAzyme.  

4.2 Future Work 

 Based on this work, there are many possible directions for continuing to study the 

coordination of Au3+ and DNA. The exact structure of the coordination complex is still unknown 

and would benefit from being observed with methods such as x-ray crystallography. This can 

also give some insight on exactly where the gold is binding and what kind of conformation 

change it is imposing upon the DNA. The exact number of Au3+ that bind to each DNA is still 

unknown and can be studied further to find its effects on the quenching of the fluorescence. 

A sensor could be developed using A15 for the detection of Au3+ ions based on 

fluorescence. The selectivity and sensitivity would need to be further tested using a wide range 

of other metals and possible substrates. The effect this interaction has on the selection process for 

DNAzymes and aptamers can also be an area of interest. Care should be taken when attempting 

to do selection in the presence of Au3+. This study has shown that Au3+ will strongly bind to any 

adenine residue in DNA and inhibits some of its catalytic abilities.  

 Only one DNAzyme (17E) was studied for the effects of Au3+. More studies can be done 

with a greater variety of DNAzymes to observe the inhibitory or other effects. This can then be 

expanded to other DNA aptamers and DNA in general.  
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Chapter 5 - Lab Safety 

General lab safety should be observed at all times. This includes the wearing of personal 

protective equipment such as goggles, gloves, and lab coats. Safety data sheets should also be 

referred to routinely and be kept in an accessible area. Samples and preparations should be used 

inside a fume hood including weighing of powders and other volatile substances. Flammable 

solvents should be kept in separate areas specific to flammables. All waste must be sorted and 

disposed of accordingly. Appropriate safety training such as the Workplace Hazardous Materials 

Information System (WHMIS) 2015 must be completed prior to entry in the lab. The locations of 

the emergency supplies and equipment such as eyewash stations, spill kits, fire extinguishers, 

and emergency showers should be known an easily accessed. Ultraviolet light is also known to 

damage the eyes and special glasses should be worn. While working with these chemicals and 

procedures, the appropriate personal protective equipment must always be worn. In order to use 

the gel electrophoresis apparatus, precautions must be taken to avoid electric shock. Before 

connecting or disconnecting leads, hands must be dry and gloved. The apparatus should be kept 

away from sinks and other sources of water. Heavy metal salts must also be handled with caution 

as gold salts can cause irritation or corrosion of the skin as well as cause serious eye damage. 
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