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Abstract
T h e development of an aptamer-based electrochemical sensor focused on the synthesis
and characterization of a redox-active [Co(4-(3-carboxypropyl)-4'-methyl-2,2'-bipyridine)(2,2'bipyridine)2]3+ complex. The cobalt bis(bipyridyl) and modified bipyridine reagents were
successfully synthesized and subsequent reactions to produce the desired complex were
performed. Characterization of the reaction products confirmed the successful synthesis of the
cobalt complex, with the best purity being achieved using water as a solvent. Preliminary
electrochemical characterization and conjugation attempts indicated that the label complex m a y
be applicable in the desired sensor design.
A different aptamer-based sensor was created by exciting surface plasmon resonance
(SPR) at the surface of a gold-plated optical using tilted fiber Bragg gratings that were written
into the core of the fiber. A measureable change in the S P R was observed during the
immobilization of a thiolated aptamer to the gold surface, and during the subsequent binding of
the aptamer to its target. Microscopic characterization techniques were used to correlate the shift
in S P R to the visual conformation of the surface immobilization of the aptamer and target
binding.
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Chapter 1

Development of an aptamer-based electrochemical
sensor

1.1

Introduction

1.1.1

Aptamers
Aptamers are nucleic acid ( D N A or R N A ) sequences that can be selected in vitro to bind

to targets with high affinity and selectivity. Aptamers have been selected to bind to a number of
different types of targets, such as small molecules, peptides, proteins, and cells.1 Aptamers can
also be selected to bind to non-biological targets, such as pollutants, although this application has
not been explored to the extent of biological uses.
Aptamers are selected from large libraries
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the target. T h e nucleotide Figure 1.1. The selection of an aptamer by the
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sequences in the library are typically composed of reaction.5
a random sequence zone with two constant sequences on either end (primer binding sites used
for the amplification of the D N A ) , with the number of nucleotides in the random zone dictating
h o w m a n y total random sequences are in the library. The sequences bound to the target can be
separated from the unbound sequences usingfiltration(if the target is a protein) or affinity
column chromatography (if the target is a small molecule) 4 T h e binding sequences are then
amplified, and the new, enriched library is incubated with the target, and separated from
unbound sequences, amplified, etc., until the desired amount of repetitions of the process has
been reached. Usually, 8-15 repetitions of this process are enough to yield suitable aptamers.5
The strength of affinity of aptamers is measured by determining the dissociation constant
(Kd) of the aptamer-target bound complex, and can be thought of as the concentration (in mol/L)
at which half of the aptamers are bound to the target. Therefore, the lower the dissociation

2

constant, the higher the affinity the aptamer has for its target. Aptamers selected against small
molecules typically have micromolar to sub-micromolar dissociation constants, while aptamers
selected against proteins can have dissociation constants in the nanomolar range.4 The ability of
aptamers to discriminate between similar targets has also been shown in m a n y cases. In one
study, it w a s found that the aptamer for caffeine had a dissociation constant 10000 times lower
for theophylline, whose structure differs from caffeine by only one methyl group.6 In another
study, the chiral discrimination of the aptamer for L-adenosine over D-adenosine was
approximately 1700-fold.7
The n a m e aptamer is derived from the Latin word aptus, meaning 'tofit.'In solution,
aptamers are mostly unstructured, but in the presence of targets they fold into three-dimensional
architectures, in which the target takes an integral role.8 Nuclear magnetic resonance studies of
target-bound aptamers have revealed that aptamers form unique overall shapes and form binding
pockets to accommodate targets, and that functional groups on an aptamer are brought in close
proximity to each other and form a cluster of molecular forces that specify target interaction. A n
example of such a structural change is the cocaine-binding aptamer,1 shown in Figure 1.2. In the
absence of cocaine, a section of the aptamer is unstructured. However, w h e n cocaine is present, a
three-way junction forms, closing a second and third stem that were open in the absence of the
target. This conformational change was also used to m m the aptamer into a fluorescence-based
sensor, as the absence of cocaine separated the fluorophore (F) and quencher (D) so that the
fluorescence could be monitored. W h e n the cocaine was added, the formation of the three-way
junction brought the fluorophore and quencher close together, so thefluorescencewas reduced in
a concentration-dependent fashion.
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1.1.2

Aptamers and biosensing
D u e to the affinity and specificity of aptamer binding, a major use for aptamers in

analytical chemistry has been as stationary phases in separation techniques, such as capillary
electrophoresis. However, the attributes of aptamers described above are suitable for their use as
the biomolecular recognition elements of biosensors, as well. Moreover, the use of aptamers in
biosensors can provide advantages over immunosensors using antibodies, some of which are
listed in Table 1.1.
Table 1.1. Advantages of using aptamers over antibodies in biosensing. Adapted from
O'Sullivan.1
Antibodies

Aptamers

A significant i m m u n e response towards the
target is required

Toxins and molecules that do not generate
strong i m m u n e responses can still be selected
against

Limited shelf life, sensitive to temperature and
m a y undergo denaturation

Stable to long-term storage and transport at
ambient temperature, can be regenerated w h e n
denatured

Finding antibodies that recognize targets in
non-physiological conditions is not feasible

Selection in non-physiological conditions can
be used to select aptamers for use in vitro

Batch-to-batch variation

N o batch-to-batch variation due to chemical
synthesis

Requires the use of animals

Identified in vitro and synthesized chemically

Labelling can result in a loss of binding
affinity

Labels can be attached to areas not involved in
binding and not affect binding affinity

O f those listed in Table 1.1, one advantage that makes aptamers a very attractive
alternative to antibodies is their ability to be denatured and renatured several times, and as a
result allow multiple readings with one sensor. Heat, salt concentration, solution p H and
chelating molecules can all be used in order to denature the aptamer and release the target, so
that the aptamer-based sensor m a y be used again. With the exception of p H , these factors m a y be
used at any extreme without causing damage to the aptamer.
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Although the field of aptasensing is still in its infancy, aptamers have been used in
several ways, including their use in molecular beacon sensors, surface plasmon resonance
sensors, fluorescence sensors and in quartz crystal microbalances.4
1.1.3

Molecular beacon biosensors
Molecular beacons are a form of biomolecular recognition probe, which have gained

popularity in fields such as chemistry, biology and medical sciences." Molecular beacons
undergo a conformational change in order to allow detection of a specific target. The molecular
beacon probe consists of a short nucleotide sequence and can be broken d o w n into three parts.
The first part is a loop consisting of 15-30 nucleotides, which is the area that binds with the
target. The second part is a stem consisting of 5-8 nucleotide base pairs. During the binding of
the molecular beacon to a target, the stem section is designed to dissociate. The third part of the
molecular beacon is a fluorophore attached at the 5'-end of the oligonucleotide, and a nonfluorescent quencher attached at the 3'-end.13 The advantage of molecular beacons is their
simplicity to construct, as well as the specificity that results from their binding interactions that
will be described below.
The
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sequences such that their nucleotides form
base pairs w h e n they are placed together in solution are called complementary. In the absence of
the target sequence, the molecular beacon forms the stem-and-loop structure, due to the base
pairing of the stem sequences. However, w h e n the complementary target sequence is present, it
forms base pairs with the loop portion of the molecular beacon. Since more base pairs are formed

by the binding of the beacon to its target, the base pairs of the stem section of the beacon come
apart and the beacon and target form a linear double helix.
Detection using a molecular beacon is made possible by attaching a fluorophore to the 5'end of the molecular beacon, and a non-fluorescent quencher at the 3'-end. In the absence of the
target sequence, the stem-and-loop formation of the beacon brings the fluorophore and quencher
close together. In this situation, the fluorescence emitted by the fluorophore is almost completely
absorbed by the quencher and emitted as heat, so no signal can be seen. However, the addition of
the target sequence forms the linear double helix, which separates the fluorophore and the
quencher. Since the quencher is not close enough to absorb most of thefluorophore'semissions,
the fluorescence can be easily observed using a fluorometer. The specificity of a molecular
beacon results from the requirement of complementary base pairing in order to produce the
signal. Base pair mismatches in the beacon and target sequences will not favour the formation of
the double helix, and therefore a signal will not be observed.
Although molecular beacon biosensors are designed specifically for the sensing of target
nucleotide sequences, which makes them unusable with aptamer-target binding, the idea of
conformational change to create a signal is a major factor in the architecture of the proposed
sensor. In this sense, the proposed aptamer-based biosensor could be considered a form of
molecular beacon biosensor.
1.1.4

Electrochemical biosensors
The use of electrochemical methods in biosensing has gained m u c h interest, and has

potential advantages over biological and chemical assays due to their simplicity, use of small
sample volumes, and reliability,14 as well as their high sensitivity, low cost and portability.
The basic principle of an electrochemical sensor is that an electroactive species is
reduced or oxidized at an electrode surface. The redox reaction causes a change in the electrical
parameters of the electrode, which was given a predefined pattern of constant or varied potential.
This change, the result of the type or concentration of the analyte, can be measured as a result.
The change in the electrical parameter of the electrode can be measured using any number of
electrochemical methods, although cyclic voltammetry and linear sweep voltammetry comprise
4 0 % of the reported analyses.1
6

1.1.4.1 Redox labels in electrochemical biosensors
Redox labels have been mostly used in the electrochemical detection of D N A
hybridization, as redox-active intercalating labels can be developed to specifically interact with
double-stranded D N A over single-stranded D N A . The interaction of the redox label with the
double-stranded D N A at the electrode surface would enhance the peak potential current of the
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labels, and enable the detection of the hybridization.
M a n y transition metal complexes have proven to be useful redox-active labels in
electrochemical biosensing, including ruthenium, copper, cobalt, and cadmium complexes
(reviewed by Sassolas et al.15 and Li et a/.18). A m o n g those compounds, tris(bipyridyl)
ruthenium19

and

cobalt20

complexes

were

used

to

probe

biomolecular

interactions

electrochemically.
1.1.4.2 Aptamer-based electrochemical biosensors
Increasing creativity in the development of electrochemical biosensor design has
facilitated the adaptation of aptamers into different forms of electrochemical biosensors. In one
form, aptamers can be labelled with catalysts or nanoparticles in order to generate
electrochemically detectable products.5 In another form, the conformational changes that
aptamers undergo upon binding can be used in order to initiate or disrupt electron-transfer
communication between a redox-active molecule and the electrode.
In the electron-transfer form of the electrochemical biosensor, detection m a y occur w h e n
binding of the aptamer to its target either enables or disables the transfer of electrons between the
redox-active molecule and the electrode. Figure 1.4 displays designs using both of these ideas. In
the first example (Figure 1.4a), a methylene blue ( M B ) labelled aptamer for thrombin was
immobilized on an electrode. In the absence of the target, the unstructured nature of the aptamer
allowed electrical contacting of the redox label with the electrode, so that a voltammetric signal
w a s observed. U p o n the addition of thrombin, the aptamer formed a structured conformation,
distancing the label from the electrode and reducing the voltammetric response.21 In another
study, both the 5'- and 3'-ends of the aptamer for thrombin were elongated with hexamethylene
spacers, in order to create a separation between the redox label (ferrocene in this experiment) and
electrode before the addition of the target (Figure 1.4b). W h e n the target was present, the newly-

formed structured conformation of the aptamer brought the label close to the surface, resulting in
22
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Fieure 1 4 T w o aptamer-based electrochemical biosensors, a) A n "off sensor design by Xiao et al., with a
voltammogram displaying the electrochem.cal response in buffer (dashed line), and after the addition of thrombin
(solid line)21 b) A n "on" sensor design5 by Rad. et al., with a voltammogram displaying the electrochem.cal
chemical response of the sensor in buffer (b) and concentrations of thrombin up to 3 0 n M (e).

Both of the biosensor designs described above rely on the conformational change of the
aptamer to enable the detection of the analyte. The first example can be considered an "off
sensor, where the addition of the target causes a negative readout signal, while the second can be
considered an "on" sensor. O f the two, a sensor that provides a positive readout signal is more
desirable.5 A major advantage of both of these sensors was that regeneration of the sensors was
possible.
1.1.5

Peptide coupling
A n advantage to using aptamers in biesensing is the fae. that at any point along the

aptamer. a specific label m a y be tethered. The labels, w h e n attached, can allow the aptamer to be
used in a variety of imaging methods (by attaching dyes or magnetic resonance coutrastmg
agents) or detection methods (by attaching metal nanoparticles or redox-active compounds).
Carbodiimides ( N = C = N ) can be used to catalyze covalen. binding between a carboxylic
acid and amines by activating the acid to form an O-acy.urea." The acylurea intermediate can
then react with an amine to form the desired am.de. The carbodiimide l-ethyl-3-(38

dimethylaminopropyl) carbodiimide hydrochloride ( E D C ) is an example of a compound that can
activate a carboxylic acid. A problem that arises when a carbodiimide is used is that the
intermediate becomes susceptible to hydrolysis when water is present, which considerably
lowers the overall yield of the coupling.23 T o overcome this, a hydrophobic ester can be used to
slow d o w n the hydrolysis of the intermediate and stabilize it in the presence of water. N hydroxysuccinimide ( N H S ) and N-hydroxysulfosuccinimide can be used to accomplish this, and
improve the overall yield of the coupling reaction.
Scheme 1.1. Peptide coupling accomplished using EDC to activate the carboxylic acid and NHS
to stabilize the acylurea intermediate. Amine-modified D N A reacts with the N H S intermediate to
form the amide bond.24
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Hydroxybenzotriazoles are another family of compound that can be used to activate a
carboxylic acid. After deprotonating the acid using diisopropylethylamine (DIPEA), P y B O P
((benzotriazol-l-yloxy)tripyrrolidinophosphonium hexafluorophosphate)26 can be used to form
the reactive intermediate as shown in Scheme 1.2.
1.1.6 Polyacrylamide gel electrophoresis (PAGE)
In 1960, Raymond and Wang27 discovered that a cross-linked acrylamide and
methylenebisacrylamide gel produced a flexible, stable and insoluble matrix that could be used
for gel electrophoresis. Gel electrophoresis is the most widely used separation technique for
biological macromolecules. 28 The technique exploits the negative charge of nucleic acids, and
causes them to migrate in an electricfield.The gels are mounted vertically, and samples are
loaded at the top. The negative pole of the electricfieldis introduced at the top of the gel, and the
positive pole at the bottom, making the negatively-charged nucleic acids migrate from the top of
the gel towards the bottom. The gel can then be used to separate the migrating molecules by their
size. The gel slows the migration of larger molecules more than smaller molecules, allowing the
separation of oligonucleotide strands by length (since longer sequences are larger).

The

migration of the nucleotides through the gel can be monitored by UV-vis spectrophotometric
methods or fluorescent methods if the molecules are fluorescently labelled. For a solution of
mixed biological macromolecules, gel electrophoresis has proven to be invaluable in the
detection, purification, characterization of the desired molecule.
1.1.7 Proposed electrochemical biosensor
The goal of this research project is to design and construct an aptamer-based
electrochemical biosensor. O n e advantage of an aptamer-based sensor is that the aptamer can be
changed in order to accommodate the detection of a wide range of analytes, even ranging into
non-biological targets. The design of the sensor is depicted in Figure 1.5. The proposed sensor
will consist of three parts: the electrode, the aptamer and the redox-active label. In the absence of
the target, the unstructured nature of the aptamer would result in a distance between the electrode
surface and the redox-active label, and therefore no electron transfer would occur between them.
U p o n the addition of the target, however, the aptamer's change to a more structured
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configuration would bring the label close to the electrode, allowing electron transfer and creating
a measurable voltammetric response.

redox-active #
label

aptamer

electrode

(

t
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J
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2. 1 ) d. ) >A )
• ( ( • ( ( • (

No signal

Signal

Figure 1.5. The design of the proposed sensor. The presence of the analyte brings the redox-active label close to the
electrode surface, creating a measurable signal.

1.1.7.1 Electrode
Gold electrodes are c o m m o n for use in aptamer-based electrochemical sensors, since
thiol-modified aptamer sequences can be immobilized on the electrodes using well-studied
chemistry. However, if measurements in vivo are to be possible, a more biocompatible material
should be used as the electrode. The incorporation of carbon electrodes, then, m a y provide a
possible system to allow in vivo measurements.
1.1.7.2 Aptamer
The aptamer section of the sensor consists of a single-stranded D N A aptamer. The
creation of the signal is heavily dependent on the structure assumed by the aptamer when it binds
to its analyte. Firstly, a change in the aptamer's structure upon binding is necessary, in order to
distinguish between the voltammetric response before and after the addition of the analyte.
Secondly, the conformational change that the aptamer undergoes in the presence of the target
must have an effect on the electron-transfer communication between the label and the electrode.
This biosensor design is identical to the one used as described in Section 1.2.2 (see
Figure 1.4b). Another study30 used a similar design for the electrochemical detection of
theophylline using the R N A aptamer. In another study, a tris-bipyridyl ruthenium complex was
used as a tethered label on the D N A aptamer for cocaine.31 The aptamer response to the addition
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of the target resulted in electrogenerated chemiluminescence of the ruthenium label, which was
detected using a photomultiplier.
The incorporation of both DNA and RNA aptamers could potentially be used for this
sensor design, with each nucleic acid possessing its o w n advantages. A major advantage of R N A
aptamers is their well-studied ability to fold into three-dimensional structures, which m a y
provide more suitable binding pockets for the targets. O n the other hand, the advantage of using
D N A aptamers in biosensing is the added stability of D N A in solution. R N A is very susceptible
to enzymatic degradation, and in serum the half life of an R N A molecule is less than one
minute.
Using peptide coupling, described in Section 1.1.5, an amine-modified aptamer sequence
can be bound to the redox-active label at its 5'-end. The 3'-end of the aptamer can also be
modified in order to tether the aptamer to the electrode. In the case of a gold electrode, a goldthiol (Au-S) bond could be used. The gold-thiol reaction is
R - S H + Au°

• R-S- A u + + 0.5H 2

Sulphur moieties are notoriously reactive with noble metals. The sulphur-gold interaction is a
favoured "soft-soft" interaction, whereas m a n y functional groups present in biological molecules
(amines, acids, etc.) are "hard," and as a result do not interact strongly with a gold surface. A s a
result, the gold-thiol interaction is highly favoured over other interactions, which allows the
displacement of other weakly-interacting species by thiol-modified species.32 U p o n the
introduction of thiol-modified species to a gold surface, there is an initial rapid reaction to form
the gold-thiol bond, followed by a period with the species assembling on the surface to maximise
the V a n der Waals interactions between them.
1.1.7.3 Redox-active label
The redox-active label, in order to be effective in this sensor design, must satisfy two
requirements: it must be able to bind covalently to D N A , and its redox potential must be low
enough that there is no attraction between the D N A aptamer and the gold electrode during the
experiment. Covalent binding of the label to the aptamer will allow control of the electron
transfer between the label and the electrode, as only the conformational change of the aptamer
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should allow contact between them. Non-specific interactions between the positively-charged
redox label and the negatively-charged D N A backbone could be used in this design, but the
random position at which the label would attach to the aptamer would be detrimental to the
reproducibility of the results. A low redox potential for the label is also desired for this design, in
order to decrease the potential needed in the electrode. It was discovered that a positive electrode
potential greater than 0.45V against a silver wire resulted in D N A lying flat on the surface.33 In
the context of the designed sensor, this would bring the redox label in contact with the electrode,
allowing electron transfer and creating a false positive signal. Moreover, extreme electrode
potentials, lower than -0.5V and higher than + 1 V versus a silver wire electrode, result in the
desorption of thiol-modified D N A from the surface of the electrode, due to redox reactions that
take place at the gold-thiol linkages.
3+

T h e proposed redox-active label in this project
is shown in Figure 1.6. The label is a complex based
on a cobalt tris(bipyridyl) complex, with a modified
bipyridine ligand. The carboxylic acid functional
group on the modified bipyridine ligand will allow
covalent attachment to D N A . A cobalt tris(bipyridyl)
complex was chosen because the redox potential for
the

one-electron

transition

for

[Co(bipy)3]3+/[Co(bipy)3]2+ has been reported as Figure 1.6. [Co(4-(3-carboxypropyl)-4'-methyl2,2'-bipyridine)(2,2'-bipyridine)2] : T h e redox-

being 0.305V vs. standard hydrogen electrode in 1 M
NaCl

35

actjve

label.

and -0.368V against a A g / A g N 0 3 reference electrode in water with a m m o n i u m

perchlorate as a supporting electrolyte.36 Both of these values fall within the desired redox
potential range, and m a k e the implementation of a [Co(bipy)3]3+ compound in the sensor an
attractive prospect.
1.1.8 Project objectives
T h e primary objective of this project is to successfully synthesize the desired cobalt
tris(bipyndyl) redox-active label complex. Then, electrochemical analysis of the complex will
determine whether the redox potential of the complex would m a k e it suitable for use in the
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designed sensor. Also, attempts to conjugate the redox label to D N A will be required in order to
confirm that the label complex would satisfy the two requirements of the sensor design.
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1.2

Experimental Procedure

1.2.1

Equipment

For the in vacuo evaporation of large volumes of solvents, a Buchi REIII rotovapor was
used. For the evaporation of smaller volumes, a Thermo

Savant D N A 120 SpeedVac

Concentrator was used. Nuclear magnetic resonance ( N M R ) characterization was performed on a
Bruker 3 0 0 M H z N M R with an UltraShield magnet. All N M R solvents (acetone-d6, dimethyl-d6
sulfoxide, chloroform-d) were purchased from C D N Isotopes (Pointe-Claire, PQ). UV-Visible
spectroscopy was performed on a Cary 300 Bio system. Mass spectrometry (MS) analysis of the
redox label complex was done using a V G Platform Electrospray-Quadrupole mass spectrometer
by Dr. Clement Kazakoff at the University of Ottawa (Ottawa, O N ) . M S analysis of the labelD N A and bipy'-DNA conjugates was done using an Oligo H T C S Electrospray-ion trap liquid
chromatography/mass spectrometer by Dr. Kenneth Ray at Novatia, L L C (Monmouth Junction,
NJ).
Electrochemical characterization was performed on a C H Instruments Electrochemical
Workstation. The working electrode was a M W - 2 0 3 0 gold electrode (1.6mm in diameter). The
auxiliary electrode was a M W - 4 1 3 0 platinum wire electrode. The reference electrode was a M W 2030 silver/silver chloride electrode. All electrodes were purchased from Bioanalytical Systems,
Inc. (Mount Vernon, IN).
1.2.2

Synthesis of 4-(3-carboxypropyl)-4'-methyl-2,2'-bipyridine (bipy')

1.2.2.1 Materials
Chloroform (Spectro grade), acetone (Spectro grade), toluene (Spectro grade), hexanes
(Spectro grade), tetrahydrofuran (THF), anhydrous magnesium sulphate (MgS0 4 ) and sodium
carbonate were purchased from Caledon Laboratories (Georgetown, O N ) . Diisopropylamine
(99%),tt-butyllithium(2.5M in hexanes), 2-(2-bromoethyl)-l,3-dioxolane (96%), ethyl acetate,
sodium bicarbonate, 4,4'-dimethyl-2,2'-bipyndine

and potassium permanganate

(KMn04,

9 9 + % ) were purchased from Sigma-Aldrich (Oakville, O N ) . Dichloromethane (Technical grade)
was purchased from A C P Chemicals (Montreal, PQ). Silica products and tnethylamine (TEA)
were

purchased

from

Fluka

Analytical

(through
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Sigma-Aldrich,

Oakville, O N ) .

Ethylenediaminetetra-acetic acid disodium salt ( E D T A ) was purchased from B D H (through
V W R , Mississauga, O N ) . Concentrated hydrochloric acid was purchased from Anachemia
Science (Mississauga, O N ) .

The procedure for the synthesis of 4-(3-carboxypropyl)-4'-methyl-2,2'-bipyridine (bipy')
was according to the method reported by Delia Ciana et al.,37 with slight modifications. All
glassware was rinsed with EDTA-saturated deionized water, acetone and dichloromethane, and
dried in an oven at 120°C. U p o n removal from the oven, the glassware was placed in a desiccator
to prevent condensation during cooling.
1.2.2.2 Preparation of the lithium diisopropylamide (LDA) solution
A glass syringe was used to add 25mL of dry THF to a three-necked round-bottom flask
that had been flame-dried and sealed with rubber stoppers. With a syringe, diisopropylamine
(7.5mL, 0.053 mol) was added, and the flask was placed in a dry ice/acetone bath. Then, nbutyllithium (22mL, 0.0212 mol) was added to the flask. The reaction was then left for
approximately 30 minutes.
1.2.2.3 Synthesis of 4-[3-(l,3-dioxolan-2-yl)propyl]-4'-methyl-2,2'-bipyridine
In a three-necked round-bottomflask,4,4'-dimethyl-2,2'-bipyridine (lOg, 0.054 mol) was
dissolved in approximately 2 5 0 m L of dry T H F . Heat was used to dissolve the bipyridine
completely, after which theflaskwas placed in a dry ice/acetone bath. This solution was left for
approximately 30 minutes.
A syringe was used to transfer the previously synthesized LDA solution slowly into the
bipyridine solution. A s more L D A was added, the solution became a dark brown colour. After
the entire L D A solution had been added, the reaction solution was left for one hour in the dry
ice/acetone bath.
T o the solution, 2-(2-bromoethyl)-l,3-dioxolane (6.4mL, 0.053 mol) was added slowly,
and the dry ice/acetone bath was replaced with only dry ice. The colour of the solution changed
from dark brown to dark green. The reaction was left to stir and w a r m to room temperature
overnight, during which time the colour of the solution changed from dark green to yellow and
an orange precipitate formed.
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The solution and precipitate were transferred to a separatory funnel and lOOmL of
deionized water was added. Then, the solution was extracted with 5xl00mL dichloromethane
( D C M ) . The organic solution was washed with 2x l O O m L of saturated sodium chloride solution,
and then dried over anhydrous magnesium sulphate ( M g S 0 4 ) , and the solvent was removed in
vacuo.
All silica used for column chromatography and thin-layer chromatography (TLC) was
treated with a 1 0 % T E A in hexanes solution. It was found that the product did not dissolve in a
small enough volume of the suggested 30:70 solution of ethyl acetate to hexanes, so it was
dissolved in as little D C M as possible and dried onto a minimum of silica. This was done by
adding silica to the D C M solution and removing the solvent in vacuo until the silica appeared
dry. If the silica did not look dry after all of the solvent had been removed, more D C M was
added along with more silica and the solvent was removed again in vacuo.
A 30:70 solution of ethyl acetate to hexanes was used to elute the products from the
column. The fractions collected were approximately l O m L each, with the starting material
migrating the fastest (rf=0.81) through the column, followed by the mono-alkylated product
(rf=0.57) and bisalkylated product (rf=0.24). Fractions containing the three components were
identified using T L C with a 30:70 solution of ethyl acetate to hexanes as the eluent, and fractions
containing similar products were combined. The solvent was removed in vacuo. The yield of
mono-alkylated product was 4 4 % (with T E A pretreatment of silica) and 3 7 % (without
pretreatment).
'H N M R ( 3 0 0 M H z , C D C 1 3 ) 5 8.51 (d, 2H), 8.21 (s, 2H), 7.10 (d, 2H), 4.85 (d, 1H), 3.92 (d, 2H),
3.81 (d, 2 H ) , 2.72 (t, 2 H ) , 2.40 (s, 3H), 1.82 (t, 2 H ) , 1.71 (t, 2H).
1.2.2.4 Synthesis of 4-(3-formylpropyl)-4'-methyl-2,2'-bipyridine
In an Erlenmeyer flask, the mono-alkylated product was dissolved in approximately
2 5 0 m L of 1 M hydrochloric acid yielding a pale yellow solution. Deionized water was saturated
with E D T A and either sodium bicarbonate or sodium carbonate. This solution was added until
the p H of the reaction solution reached 10.
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At higher p H levels, the solution turned cloudy and the colour changed from yellow to
pink due to iron contamination. Iron contamination was minimized by adding more E D T A to the
solution, although this did not remove the contamination altogether.
The pink solution was extracted with 5xl00mL of DCM. The organic layers were
collected and dried over anhydrous M g S 0 4 . The magnesium sulphate also decoloured the
solution. The M g S 0 4 was thenfilteredout by gravity and the organic solvent was removed in
vacuo.
After waiting overnight the aqueous solution turned transparent yellow. The solution was
extracted with another 2 x l 0 0 m L of D C M . The organic layers were then dried and the solvent
was removed as described above. The yield of the aldehyde was 8 2 % when sodium bicarbonate
was used and 9 5 % when sodium carbonate was used.
'H NMR (300MHz, CDC13) 5 9.61 (s, 1H), 8.43 (d, 2H), 8.39 (d, 2H), 6.97 (s, 2H), 2.57 (t, 2H),
2.33 (t, 2 H ) , 2.27 (s, 3H), 1.87 (t, 2H).
1.2.2.5 Synthesis 4-(3-carboxypropyl)-4'-methyl-2,2'-bipyridine
The aldehyde from the previous step was dissolved in a minimum of acetone and a 1:1
molar ratio of K M n 0 4 was added. The colour of the solution was dark purple upon the addition
of the K M n 0 4 , and changed to brown as the reaction progressed.
The reaction was monitored using TLC with a 1:1 mixture of ethyl acetate/toluene as the
eluent. W h e n no migration of the compound was seen, the reaction was determined to be
complete, at which point the acetone was removed in vacuo and the remaining solid was
suspended in approximately 1 5 0 m L of deionized water. The suspension was then heated until
boiling to coagulate the manganese dioxide, then cooled to room temperature and eventually put
in the fridge overnight.
The solid manganese dioxide was filtered out by gravity. The filtrate and eluate were then
washed first with a saturated E D T A solution and then a sodium bicarbonate solution. The
aqueous solution was then extracted with 2 x l 0 0 m L D C M to remove impurities.
The solution was then acidified using 1M HC1 to a pH of 4.8. As the solution became
more acidic, the colour of the solution turned pink. More E D T A was added to the solution, and
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again it had a slight decolouring effect on the solution. At p H 4.8 the solution was extracted with
9 x l 0 0 m L D C M , and the organic layers were collected and dried over M g S 0 4 and the solvent
was removed in vacuo. It was important that the extraction was done at a p H of 4.8, as
extractions at neutral and more acidic p H levels resulted in very low yields.
The product was purified by dissolving the sample in heated chloroform (CHC13), and
adding hexanes dropwise until some precipitation was seen. Then, the solution was cooled to
room temperature and refrigerated overnight. The crystals that formed were filtered out by
suction. The yield of the crystals was 4 9 % .

'H NMR (300MHz, CDC13) 5 12.14 (s, 1H), 8.55 (d, 2H), 8.24 (s, 2H), 7.90 (t, 2H), 2.71 (t, 2H),
2.42 (s, 3H), 2.27 (t, 2H), 1.87 (p, 2H).
1.2.3

Synthesis of [Co(bipy)2Cl2]Cl

1.2.3.1 Materials
Methanol (Reagent grade) was purchased from Caledon Laboratories (Georgetown, ON).
Chlorine gas (>99.5%), potassium chloride (minimum 99.0%), 2,2'-dipyridyl (>99%) and
cobalt(II) chloride hexahydrate (98%) were purchased from Sigma-Aldrich (Oakville, O N ) .
Argon gas (ultra high purity) was purchased from Praxair (Mississauga, O N ) .
1.2.3.2 Procedure
The synthesis of the cobalt bis(bipyridyl) was done according to the procedures described
by Vlcek.38
T o start, potassium chloride (l.Og, O.OBmol) and 2,2'-bipyridyl (1.6g, O.OlOmol) were
dissolved in 50 m L of methanol in a two-necked round bottom flask. The KC1 did not dissolve
completely at room temperature. The solution was then refluxed under flowing argon at 80°C for
one hour, at which point cobalt(II) chloride hexahydrate (l.Og, 0.0042mol) was added and the
heat was turned off. U p o n the addition of the CoCl 2 -6H 2 0, the solution turned a brown colour.
The solution, with continuous stirring, was cooled to room temperature and placed in an
ice bath. The argon gas flow was then replaced with chlorine gas flow. Under the chlorine gas,
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the solution became purple in colour, and a green gas formed in theflask.The solution was kept
in the ice bath for approximately 15 minutes.
The solution was then filtered by suction using a medium-grained sintered glass frit. The
filtrate was collected in an Erlenmeyer flask and a purple precipitate was transferred to a small
beaker.
The precipitate was dissolved in 50mL of 10

3

M hydrochloric acid by heating the

solution to 90°C forfiveminutes followed by cooling to room temperature. The solution's colour
at this point was dark purple. A 3 0 m L portion of 4 M H C 1 was then added to the solution, which
was stored in a refrigerator overnight.
After no precipitate had formed, approximately half of the solvent was removed in vacuo.
The solution was then placed back in the refrigerator and a small amount of gray precipitate
formed. The precipitate was removed by suction filtration. Another quantity of the solvent was
evaporated in vacuo, resulting in the precipitation of a light purple solid with a yield of 3.7%.
The solvent was then fully evaporated in vacuo. This resulted in the precipitation of a
dark gray and a dark purple solid. The dark gray precipitate was easily dissolved in distilled
water, leaving the dark purple precipitate to befilteredby suction. The purple precipitate had a
yield of 7 2 % .
'H N M R ( 3 0 0 M H z , D 2 0 ) 5 9.87 (d, 1H), 9.12 (d, 1H), 8.70 (d, 1H), 8.64 (d, 1H), 8.57 (t, 1H),
8.54 (t, 1H), 8.51 (d, 1H), 8.38 (d, 1H), 8.18 (t, 1H), 8.11 (t, 2H), 8.05 (t, 1H), 7.41 (t, 1H), 7.30
(d, 1H), 7.26 (t,lH), 7.09 (d,lH)
1.2.4

Synthesis of [Co(bipy)2(bipy')]3+

1.2.4.1 Materials
Anhydrous ethanol was purchased from Commercial Alcohols Inc. (Brampton, O N ) .
Silver

triflate

(99+%),

tetrabutylammonium

bromide

(98+%)

and

ammonium

hexafluorophosphate (95+%) were purchased from Sigma-Aldrich (Oakville, O N ) . Sodium
chloride was purchased from B D H (through V W R , Mississauga, O N ) .
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1.2.4.2 Preparation of [Co(bipy)2(bipy')]Br3 in ethanol
A sample of [Co(bipy)2Cl2]Cl (150mg, 0.31mmol) was dissolved in 30mL of ethanol in a
round bottom flask under a flow of argon gas. T o dissolve the entire amount, heating to 95°C
was required. After the complex had been dissolved, the solution was a transparent purple
colour.
A 3:1 molar ratio of silver triflate (238.9mg, 0.93mmol) was then added to the solution
and the solution was refluxed at 95°C overnight. If the solvent level was too low, more ethanol
was added to the solution. U p o n the addition of the silver triflate, a white/purple/grey precipitate
formed in the solution. The vessel was covered in aluminum foil to minimize light exposure
while the solution was refluxing overnight.
After refluxing, the solution was cooled and the precipitate was filtered out by suction
using a medium-grained sintered glass frit. The precipitate was discarded and thefiltratewas
replaced in the round bottomflask.The solution was still a deep, transparent purple. A 1:1 mol
ratio of bipy' was added to the solution. The solution was sealed under argon, and the flask was
recovered with aluminum foil. The solution was stirred overnight under argon with no heating.
U p o n the addition of bipy', the solution turned a deep orange colour.
W h e n the stirring was finished, a 3:1 molar ratio of tetrabutylammonium bromide
( T B A B ) was added to the solution. In some cases, the bromide salt of the product precipitated
right away. The precipitate wasfilteredout by suction using a sintered glass frit. In other cases
w h e n no precipitation formed immediately, some of the solvent was removed in vacuo, and the
solution was placed in the fridge until a precipitate was visible. The precipitate was filtered by
suction using a glass frit. The yield was approximately 4 5 % .
1.2.4.3 Sephadex column chromatography
Sephadex G-50 and Sephadex C-25 were purchased from Sigma, and were received as a
dry powder. A 0.1M sodium chloride (NaCl) solution was used to suspend the Sephadex, and
load the column. The [Co(bipy)2(bipy')]Br3 sample to be separated was dissolved in a m i n i m u m
of 0.1 M NaCl solution, and loaded onto the column. The elution was donefirstwith 0.1M NaCl
solution, which resulted in the formation of two orange bands. Thefirstorange band was eluted
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with a 0.1M N a C l solution, but a 3 M NaCl solution was required to elute the second band. The
fractions collected were approximately l m L in volume, and were collected in Eppendorf rubes.
The solvent was then removed in vacuo, and similar fractions were added together. In between
m n s , the Sephadex column was washed with 0.5M NaCl solution.
1.2.4.4 Preparation of [Co(bipy)2(bipy')](PF6)3 in water
This procedure was also presented in Tariq Francis' Bachelor of Science in Chemistry
Honours Thesis.39 In 2 0 m L of EDTA-treated deionized water, [Co(bipy)2Cl2]Cl (0.30g,
0.63mmol) was dissolved, resulting in a light purple solution. The temperature of the water
solution was raised to 60°C in order to dissolve the cobalt bis(bipyridyl) compound. The bipy'
ligand (0.16g, 0.63mmol) was added to the solution, and the solution was allowed to cool to
room temperature. During the reaction, the colour of the solution changed from purple to green
and eventually to orange. After four hours, the solvent was evaporated in vacuo, leaving behind a
deep orange paste. The paste was dissolved in a m i n i m u m of deionized water and a m m o n i u m
hexafluorophosphate (0.58g, 3.6mmol) was added, resulting in an orange precipitate. The
precipitate was filtered out by suction using a sintered glass frit, with a yield of 117%. The
filtrate was left uncovered in a beaker, and over time orange crystals formed. The filtrate was left
for two weeks and then the crystals were filtered out with a yield of 1%.
Another aqueous synthesis was attempted by dissolving [Co(bipy)2Cl2]Cl (0.30g,
0.62mmol) in 5 0 m L of deionized water in a beaker. T o keep the reaction vessel at approximately
0°C, the beaker was placed in an ice bath. In a separate beaker, the bipy' ligand (0.16g,
0.63mmol) was dissolved in 2 0 m L of deionized water. A temperature of approximately 45°C
was needed in order to completely dissolve the bipy' in the water, after which it was added
dropwise to the reaction solution while it was still warm. The reaction was left in the ice bath
overnight, and the colour of the solution changed from purple to orange. The next day,
a m m o n i u m hexafluorophosphate (0.3 lg, 1.9mmol) was added to the reaction solution, resulting
in the precipitation of an orange solid. The precipitate wasfilteredout by suction using a sintered
glass frit and washed with cold water, with a yield of 3 6 % . The colour of the precipitate was
pink/orange. Leaving the reaction solution to evaporate resulted in the formation of a flaky
precipitate. The reaction solution was split into four samples, which were centrifuged at 3000
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revolutions per minute for 10 minutes. The supernatant solution was removed, and the precipitate
was dried in a desiccator. The yield of the solid was approximately 1 0 % .
1.2.5

Electrochemistry

1.2.5.1 Materials
Concentrated sulfuric acid was purchased from Anachemia Science (Mississauga, ON).
T R I S was purchased from BioShop Canada (Burlington, O N ) . The buffer solution used in the
characterization of [Co(bipy)2(bipy')]Br3 was 2 5 m M T R I S (pH adjusted to 8.2 with hydrochloric
acid) and l O O m M sodium chloride.
1.2.5.2 Metathesis of [Co(bipy)2(bipy')](PF6)3 with tetrabutylammonium bromide (TBAB)
Since the hexafluorophosphate salt of the probe complex was not soluble in water, the
probe complex was changed to a bromide salt by salt metathesis. The [Co(bipy)2(bipy')](PF6)3
salt (52.4mg, 49.3|rmol) was dissolved in a m i n i m u m of acetone, and three molar equivalents of
T B A B (47.7mg, 148jumol) were added. The resulting orange precipitate (35.2mg, 40.6umol) was
filtered out of solution by suction using a sintered glass frit.
1.2.5.3 Electrochemical analysis
The gold electrodes were prepared byfirstpolishing with alumina, and then etching with
a 1 M sulfuric acid solution prepared by diluting concentrated H 2 S 0 4 with deionized water. The
etching was done by placing the Ag/AgCl reference, gold working and platinum auxiliary
electrodes in the sulfuric acid solution, and cycling the potential as described in Table 1.2.
A

solution of the redox label complex was prepared by dissolving the entire

[Co(bipy)2(bipy')]Br3 sample from the metathesis step in 2 5 m L of the buffer solution. This
solution was transferred to a plastic vial into which the working, Ag/AgCl reference and
platinum electrodes were placed. The sample was degassed with flowing argon before
measurements were taken. The parameters used for cyclic voltammetry and square wave
voltammetry are outlined in Tables 1.2 and 1.3.

23

Table 1.2. Cyclic voltammetry parameters used in the electrochemical characterization of
[Co(bipy)2(bipy')]Br3.

1M H2SO4 potential sweep
Initial potential

OV

[Co(bipy)2(bipy')]Br3
characterization
+0.4V

High potential

+ 1.6V

+0.4V

L o w potential

-0.3V

-0.8V

Final potential

OV

+0.4V

Scan Rate

0.1 V/s

0.1 V/s

Table 1.3. Square wave voltammetry parameters used in the electrochemical characterization of

[Co(bipy)2(bipy')]Br3.

1.2.6

Initial E

+0.4V

Final E

-0.8V

Increments of E

0.004V

Amplitude

0.025V

Frequency

15Hz

Conjugation of bipy' and [Co(bipy)2(bipy')](PF6)3 to D N A

1.2.6.1 Reagents
Refer to Sections 1.2.2 and 1.2.4.4 for synthesis of bipy' and [Co(bipy)2(bipy')](PF6)3.
N,N-dimethylformamide

(> 99.5%) and l-ethyl-3-(3-dimethylaminopropyl)

carbodiimide

hydrochloride were ordered from Fluka Analytical (through Sigma-Aldrich, Oakville, O N ) . N,Ndiisopropylethylamine (99.5%), diethylamine (99.5%), (Benzotriazol-l-yloxy)tripyrrolidinophosphonium hexafluorophosphate (98%) and N-hydroxysuccinimide (98%) were ordered from
Sigma-Aldrich (Oakville, O N ) . A m m o n i u m hydroxide (28%) was purchased from Anachemia
Science (Mississauga, O N ) .
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1.2.6.2 D N A synthesis
DNA synthesis was performed using a BioAutomation MerMade 6 synthesizer (Irving,
T X ) . The four phosphoramidites (dA-CE, Ac-dC-CE, dT-CE and dG-CE) and the amino
modifier (5'-DMS(0)MT-amino-modifier C6) used for the synthesis of the D N A and anhydrous
acetonitrile were purchased from Glen Research (Sterling, V A ) . Activator, deblock, capping, and
oxidizer solutions used in the D N A synthesis were purchased from BioAutomation (Irving, TX).
The D N A synthesis was initiated on M e r M a d e 1000A C P G lwnol support columns (Glen
Research). The support columns contained glass beads to which thefirstnucleotide at the 3' end
of the sequence was attached. After synthesis, the solid support columns were deblocked
immediately or stored under argon in the freezer.
1.2.6.3 DNA sequences
The D N A sequence used for the conjugation experiments discussed in Section 1.3.7 was
5'-CCT A T G A T A G C A T C G GTC-3'. The 5'-end of the D N A strand was modified with an
amino-C6 modifier, making the working D N A strand 5'-H 2 N-(CH 2 ) 6 -CCT A T G A T A

GCA

T C G GTC-3'.
The D N A sequence used for the conjugation experiments discussed in Section 1.3.8 was
5'-AGA T C C G A T C-3'. The 5'-end of the D N A strand was modified with an amino-C6
modifier, making the working D N A strand 5'-H 2 N-(CH 2 ) 6 -AGA T C C G A T C-3'.
1.2.6.4 Deblocking the support-bound DNA sequences
After synthesis, the synthesized D N A was still bound to the solid supports inside the
columns. The amino modifier at the 5' of the D N A was protected with a 4,4*-dimethoxy-4"methylsulfonyl-trityl group which had to be removed prior to conjugation. The procedure that
was followed is described by Michael Beking in his Honour's thesis.
The solid support columns were mounted in a BioAutomation cleaving chuck (see Figure
1.7), which uses suction to draw liquids through the columns. First, the columns were treated
with 300uL of anhydrous acetonitrile, and then with 3x300uL of 1 0 % solution of diethylamine
( D E A ) in anhydrous acetonitrile. Each aliquot of D E A solution was allowed to mix with the
solid support for approximately one and a half minutes. After washing with 2x300uL of
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anhydrous acetonitrile, the column was then treated with 2x200uL of deblock solution. After
washing with 300uL of anhydrous acetonitrile, conjugation experiments were performed
immediately.

Figure 1.7. A BioAutomation cleaving chuck, with a lumol D N A synthesis column (red column) mounted in the top.

1.2.6.5 Activating bipy' and [Co(bipy)2(bipy')](PF6)3 with PyBOP
Activation of the carboxylic acids was done before deblocking the amine group on the
D N A (see Section 1.2.6.4) in order to perform the coupling reaction as quickly as possible after
the anime group was deblocked.
For the experiments discussed in Section 1.3.7.2, a 1:1 molar equivalent of bipy' or
[Co(bipy)2(bipy')](PF6)3 to D N A (lumol) was used. The samples were dissolved in a minimum
of dimethylformamide ( D M F ) and mixed with diisopropylethylamine (6mnol) for approximately
10 minutes. T o this solution, P y B O P (3umol) dissolved in a minimum of D M F was added and
the solution was shaken for thirty minutes. The total volume of the solution was kept below
300uL.
For the experiments discussed in Section 1.3.8, a 10:1 molar ratio of bipy' or
[Co(bipy)2(bipy')](PF6)3 to D N A (lOumol) was used. The amounts of D I P E A (60umol) and
P y B O P (30 umol) were also increased. The solutions were mixed as described above.
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1.2.6.6 Activating bipy' and [Co(bipy)2(bipy')](PF6)3 with E D C and N H S
As described above, the activation of the carboxylic acids by EDC and NHS was done
before deblocking the D N A so that the coupling reaction could be done immediately after the
deblocking was completed.
A 110:1 molar excess of EDC to DNA (llOumol) was dissolved in lmL of DMF under
argon. T o this solution, either bipy' or [Co(bipy)2(bipy')](PF6)3 (lOumol) was added and the
solution was mixed under argon for approximately 10 minutes. After the 10 minutes had passed,
N H S (320umol) was added to the solution and the solution was shaken under argon for
approximately 30 minutes.
1.2.6.7 Conjugation of amino-modified DNA with activated ligands
After deblocking was completed, the glass beads were removed from the columns and
collected in Eppendorf tubes. The activated bipy' or [Co(bipy)2(bipy')](PF6)3 solution was then
pipetted into the tubes, the solution was sealed under argon and the tube was covered with
aluminum foil. The solution was shaken overnight.
After the shaking was complete, the tube was centrifuged at 13000rpm for 2 minutes so
that the supernatant solution could be removed more easily. The beads were then washed with
two 500juL aliquots of D M F , followed by centrifugation and removal of the supernatant. If it was
necessary, any remaining D M F was evaporated in vacuo.
1.2.6.8 Cleavage and deprotection
To the glass beads, l m L of 2 8 % a m m o n i u m hydroxide solution was added and the
solution was sealed under argon and left overnight at room temperature. The glass beads were
removed from the a m m o n i u m hydroxide/DNA solution using a 0.45 u m nylon microfilterfuge
(Rainin Instruments, W o b u m , M A ) , and the filtrate solution was evaporated in vacuo, leaving
only the D N A remaining in the Eppendorf tube.
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1.2.7

Purification of the coupling reaction products by high performance liquid
chromatography

Reverse-phase high performance liquid chromatography (HPLC) was performed on an
Agilent 1200 Series H P L C , with a diode array detector. The column used was an Agilent Zorbax
Extend-C18 column, with a particle size of 5 urn and dimensions 9.4 x 250mm.
To prepare the mobile phase, acetonitrile (HPLC grade) was purchased from Fisher
Scientific (Ottawa, O N ) , and a m m o n i u m acetate ( N H 4 O A c ) was purchased from B D H (through
V W R , Mississauga, O N ) . A 5 0 m M N H 4 O A c solution was prepared by dissolving 3.85g of
N H 4 O A c in IL of deionized water. The solution was then filtered through a 0.22 u m cellulose
acetate sterilizing filter and stored in polystyrene containers (Coming 431154 filter systems).
The mobile phase used in the elution of the conjugated D N A samples is outlined below. The
detector was set to monitor absorbance at 260nm and 290nm to detect the presence of
oligonucleotides.
Table 1.4. Reverse-phase H P L C mobile phase program used to analyze conjugated D N A .
Time (min)

Fraction of
acetonitrile (%)

Fraction of 5 0 m M
N F L O A c (%)

0
30
40

5
30
100

95
70
0

1.2.8

Flow rate
(mL/min)
2 mL/min
2 mL/min
2 mL/min

Column
temperature
25°C
25°C
25°C

Purification of the coupling reaction products by polyacrylamide gel electrophoresis

1.2.8.1 Materials and apparatus
Urea

(molecular

biology

grade), a m m o n i u m

persulfate (electrophoresis grade),

N,N,N',N'-tetramethylethylenediamine (>99%), acrylamide (DNA-sequencing grade), N,N'methylenebisacrylamide, sodium dodecyl sulphate (BioUltraPure, electrophoresis grade) and
tris(hydroxymethyl)aminomethane were ordered from BioShop Canada (Burlington, O N ) . Boric
acid was purchased from B D H

(through V W R , Mississauga, O N ) . Magnesium acetate

tetrahydrate (minimum 9 8 % ) was purchased from Sigma-Alrich (Oakville, O N ) .
A n acrylamide stock solution was prepared by dissolving 190g of acrylamide and lOg of
/V/V'-methylenebisacrylamide in 2 5 0 m L of deionized water and heating the solution to 37°C.
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The volume of the solution was then increased to 5 0 0 m L with deionized water andfilteredby
gravity.
Polyacrylamide gel electrophoresis (PAGE) experiments were performed using a Hoefer
6 0 0 X Chroma vertical electrophoresis system. The power supply used was a Fisher Scientific
FBI000

Electrophoresis Power

Supply. Gels were imaged

using an Alpha Innotech

Alphalmager® E C .
1.2.8.2 5x TRIS/Borate/EDTA (5x TBE) and elution buffer preparation
The 5x TBE buffer was prepared by dissolving TRIS (107.8g, 0.890 mol), boric acid
(55.0g, 0.890mol) and E D T A (7.44g, 0.0200mol) in 2 L of deionized water. The solution was
then filtered by vacuum through a 0.22um cellulose acetate sterilizing filter.
The buffer that was used to elute the DNA and conjugate molecules from the gel after
P A G E had been performed comprised of 0.1% (w/v) sodium dodecyl sulphate (SDS), 0.5M
a m m o n i u m acetate and l O m M magnesium acetate. The buffer solution was prepared by
dissolving the components in deionized water andfilteringthrough a 0.22um cellulose acetate
sterilizingfilterprior to use.
1.2.8.3 PAGE gel preparation and electrophoresis
The gel solution was prepared by dissolving urea (31.5g) in 37.5mL of acrylamide stock
solution and 1 5 m L of 5x T B E buffer solution in a beaker. A magnetic stir bar was added to the
solution and heated and stirred to 37°C until all of the solids had been dissolved. The solution
wasfilteredwhile hot through a qualitativefilterpaper and left to cool.
While the buffer solution was cooling, a 1 0 % solution of a m m o n i u m persulfate was
prepared by dissolving O.lg of a m m o n i u m persulfate in l m L of deionized water. W h e n the gel
solution was cool, 450uL of the a m m o n i u m persulfate solution and 35ftL of N,N,N',N'tetramethylethylenediamine ( T E M E D ) were added and the solution was swirled. Before the
solution had a chance to polymerize, the gel was cast and left to set for approximately 30
minutes. After the gel had polymerized, it was run using lx T B E buffer (prepared by diluting
4 0 0 m L of the 5x T B E to 2 L using deionized water) without samples for approximately 20
minutes at a constant current (25mA).
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While the gel was "pre-running", the D N A samples were prepared by dissolving the
D N A in a minimal amount of deionized water (at most, 15uL). The volume of water used to
dissolve the D N A was matched with the same volume of formamide (Sigma-Aldrich) and heated
to 55°C forfiveminutes.
After the gel was ready the samples were loaded and the gel was mn at a constant current
( 2 5 m A ) for the determined amount of time. For specific m n times, please see the Section 1.3.8.1.
After the electrophoresis was complete, the gel was imaged and the desired bands were cut out of
the gel. The bands were then cut further so that they wouldfitinto an Eppendorf tube, and l m L
of the elution buffer was added to each tube. The tubes were then incubated (Labnet Mini
Incubator) at 37°C overnight to elute the D N A and conjugates from the gel.
After elution was complete, the solid gel pieces were removed by filtration using Rainin
Microfilterfuges (0.45um nylon-66). Thefiltrationwas done by centrifuging the solution in the
microfilterfuges at 13000 revolutions per minute (rpm) for 4 minutes. After filtration, the
solution was evaporated off in vacuo.
1.2.8.4 Ethanol precipitation
In order to purify the D N A from gel impurities and salt from the elution buffer, ethanol
precipitation was used. The D N A sample was dissolved in a m i n i m u m (no more than lOOuL) of
deionized water. Then, l m L of cold anhydrous ethanol was added to the solution. If no
precipitation was seen, 25uL of a 3 M sodium chloride solution was added. The solution was then
placed under dry ice for 30 minutes, and centrifuged at -9°C for 30 minutes using a Sorvall
Legend 2 1 R Microcentrifuge (Thermo Scientific) at lOOOOrpm. The solution was then decanted
off and the precipitated D N A was dried in vacuo.
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1.3

Results and Discussion

1.3.1

Justification of the redox-active label selection

The need for a redox-active label with a low redox potential in the proposed
electrochemical sensor design arises from the requirement to reduce the creation of false positive
signals that m a y occur in aptamer-based electrochemical sensing. These false positive signals are
based on the observation that D N A was attracted to a gold electrode surface if the electrode's
potential was over + 4 5 0 m V 3 3 or + 4 0 0 m V 4 1 against a silver wire electrode. If the redox-active
label tethered to the 5'-end of the aptamer strand requires a more positive potential at the
electrode in order to perform electron-transfer with the label, it m a y result in the attraction of the
D N A to the electrode. If this were to occur, it would bring the label in contact with the electrode
surface, creating an unwanted positive signal.
The results of previous studies using other redox labels may have suffered for these
reasons. In a study by Xiao et al,

methylene blue was covalently attached to the aptamer for

thrombin. The binding of the aptamer to thrombin would create a distance between the label and
the electrode, stopping the electron transfer and reducing the voltammetric signal (see Figure
1.4a in the Introduction). However, as can be seen by the voltammogram in the same figure, the
signal in the presence of thrombin does not decrease the voltammetric response of the sensor
significantly, which ideally should approach a current of zero in the presence of the target. O n e
reason for this m a y be that methylene blue, although meant to be covalently bound to the D N A ,
can also bind externally to single-stranded D N A and also adsorb onto the gold surface.

The

interaction of the methylene blue with points on the aptamer strand closer to the electrode would
create a voltammetric response even in the absence of the target, and m a y be the reason for the
large response in the presence of the analyte. In a study by Radi et al. ,2 the redox-active label
covalently attached to D N A was ferrocene, which in aqueous solution had a redox potential of
approximately 0.15-0.2V against a A g / A g C l reference electrode (see Figure 1.4b in the
Introduction). In the presence of the analyte, the redox label was brought closer to the electrode,
and the electron transfer created a voltammetric signal. However, in the absence of the analyte, a
response was still observed. This m a y have been due to the fact that ferrocene required a
potential from the electrode that was high enough to attract the D N A to the surface, which would
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have brought the label close enough to communicate with the electrode, creating a background
signal.
The primary reason for developing a modified cobalt tris(bipyridyl) compound in this
sensor design was that the reported redox potentials of [Co(bipy)3]3+ in aqueous solutions have
been lower than + 4 5 0 m V against a silver wire. A s a result, this compound m a y accommodate
scanning electrochemical analysis at potentials that will not result in the attraction of the D N A
for the electrode. W h e n implemented, a detection method m a y be found that can almost entirely
eliminate a voltammetric response in the absence of the target. Another reason for using the
proposed label complex is that electrocatalysis could be used to create another electron transfer
system in the sensor design, which would as a result reduce or oxidize the label complex back to
its original state, enhancing the signal and increasing the sensitivity of the detector.
1.3.2 Synthesis of 4-(3-carboxypropyl)-4'-methyl-2,2'-bipyridine (bipy')
The synthesis of the modified bipyridyl ligand was performed as described by Delia
Ciana et al.,37 with slight modifications that will be discussed. The series of reactions to
synthesize bipy' is shown in Scheme 1.3.
-1*7

S c h e m e 1.3. Overall synthesis of bipy' based on the method reported by Delia Ciana et al.
1. LDA

1.3.2.1 Synthesis of 4-[3-(l,3-dioxolan-2-yl)propyl]-4'-methyl-2,2'-bipyridine
In the paper on which this synthesis was based,37 n-butyllithium was used to lithiate 4,4'methyl-2,2'-bipyridine in order to deprotonate the methyl group(s) on the bipyridyl to allow the
reaction

with

an

electrophile, in

this

case

2-(2-bromoefhyl)-l,3-dioxolane.

Lithium

diisopropylamide ( L D A ) was used in this experiment, sincerc-butyllithiumis also a nucleophile.
L D A is not k n o w n as a nucleophile, and as a result there would be less chance for side reactions.
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The products of this reaction were the m o n o - and bis-dioxolane forms of the bipyridine.
Also, unreacted bipyridine starting materials were present in the final solution. As a final
product, a mono-acid product was desired, as a redox label with two carboxylic acid groups m a y
form peptide bonds with more than one aptamer strand during conjugation. In order to purify
mono-dioxolane from the product, a silica gel column was used. Prior to loading the column with
the product, the column was pretreated with a 1 0 % triethylamine ( T E A ) solution. In silica-based
chromatography, compounds can be adsorbed to silanol groups present in the columns, which
can lead to a m u c h longer retention of the compounds. 43 This retention could increase the band
width of the products as they m o v e through the column, which would reduce the resolution
between the compounds and reduce the yield of the desired pure product. T E A is a silanol
blocker, and so pretreating the column with T E A before separation was done to maximize the
yield of the mono-dioxolane product.
Elution from the column was monitored by silica thin layer chromatography (TLC) using
a 30:70 solution of ethyl acetate to hexanes, which was the same solution used for elution from
the column. The unreacted starting material eluted from the columnfirst,followed by the monodioxolane product and then the bis-dioxolane product. From the T L C results, it was found that
the starting material had a retention factor (Rf) value of 0.81, while the mono-dioxolane and bisdioxolane products had R f values of 0.57 and 0.24, respectively. T L C was used in order to
determine which eluted fractions contained which product, and the combined fractions were then
analyzed by nuclear magnetic resonance ( N M R ) spectroscopy to confirm the structure.
The N M R spectrum for the mono-dioxolane product is shown in Figure 1.8. The peak
corresponding to H 8 was used as a reference, and the integration of the peak corresponding to
the methyl group (H3) was used to evaluate the products in the samples. In relation to peak 8, if
the integration was higher than three, starting material was still present in the sample. If the
integration was lower than three, there was some bis-dioxolane product present in the sample. A n
N M R spectrum of the bis-dioxolane product can be seen in Figure A-l.l of the Appendix. In that
spectrum, the integration of the peak corresponding to H 3 was m u c h lower in relation to H 8 ,
showing that there was more bis-dioxolane product in the sample than mono-dioxolane.
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Figure 1.8. 'H N M R spectrum (300 M H z , CDC1 3 ) and peak assignments of 4-[3-(l,3-dioxolan-2-yl)propyl]-4'methyl-2,2'-bipyridine.

The yield of pure mono-dioxolane product isolated by silica gel chromatography wa
44%, which was lower than the reported yield.37 In another synthesis trial, a silica gel column
was used that was not pre-treated with the 1 0 % T E A solution. The column separation provided a
pure mono-dioxolane product, however the yield of this process was 37%. These results
indicated that the T E A pre-treatment could increase the amount of isolated mono-dioxolane
product.
Pure, isolated dioxolane product was preferred for use in the next step in the reaction
series, however a mixture of the mono-dioxolane product with unreacted starting material was
preferred to a mixture of the mono-and bis-dioxolane products, since the starting material would
not be affected by the next reaction, and could possibly be removed more easily than a bisaldehyde product.
1.3.2.2 Synthesis of 4-(3-formylpropyl)-4'-methyl-2,2'-bipyridine
The next step in the reaction series was the acid hydrolysis of the mono-dioxolane
reagent to form an aldehyde product. Upon the adjustment to a basic pH level, the colour of the
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solution changed to pink. This pink colour was determined to be the result of the formation of an
iron tris(bipyridyl) compound, since iron was likely present in the sodium carbonate and sodium
bicarbonate used to m a k e the solution basic. Coordination of the bipyridyl ligand to iron m a y
have created complications in the extraction of the bipyridyl at the end of the reaction, so the iron
contamination had to be removed. This was done by saturating the sodium carbonate or sodium
bicarbonate solutions with ethylenediaminetetraacetic acid ( E D T A ) . E D T A coordinates to iron
as a hexadentate ligand, and is preferred to the coordination of the bipyridine. W h e n E D T A was
included in the solution, the pink colour was m u c h less intense, indicating that the iron
tris(bipyridyl) complex was less abundant. For fear of losing desired product, a comparison of
the extractions performed from an iron-contaminated sample and an iron-neutralized sample was
not performed, but it m a y provide insight as to whether the E D T A step was necessary.
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Figure 1.9. 'H N M R spectrum (300 M H z , C D C 1 3 ) and peak assignments of 4-(3-formylpropyl)-4'-methyl-2,2'bipyridine.

The yield of this reaction step was 9 5 % , which is comparable to the reported yield. The
structure of the aldehyde product was confirmed by proton N M R , shown in Figure 1.9. The high
integrations of the aromatic and methyl peaks with respect to the peak corresponding to the
aldehyde proton (H8) indicated that there was still dimethyl starting product in the sample. The
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peak at approximately 5.2ppm corresponded to dichloromethane in the deuterated chloroform
(CDC1 3 ) N M R solvent, showing that the product was not completely dry w h e n the N M R was
performed.
1.3.2.3 Synthesis of 4-(3-carboxypropyl)-4'-methyl-2,2'-bipyridine
The last step in the synthesis of bipy' was the oxidation of the aldehyde reagent to the
carboxylic acid product using potassium permanganate. T o monitor the progress of the reaction,
samples of the reaction solution were taken and analyzed by T L C using a 1:1 ethyl acetate to
toluene solution as the eluent. W h e n no migration of the spot from the reaction was observed, the
reaction was deemed to be complete.
Prior to the liquid/liquid extraction of the desired carboxylic acid, the p H of the solution
was m a d e basic and a liquid/liquid extraction was done in order to remove some of the impurities
in the solution. A proton N M R

spectrum was taken of this extract and is included in the

Appendix. The spectrum showed the presence of primarily the 4,4'-dimethyl-2,2'-bipyridyl
starting material.
The p H of the aqueous solution was then lowered to 4.8. This p H level was found to be
crucial to the recovery of the desired ligand. Extraction at a higher p H extracted only the original
starting material, as described above. Extraction at a lower p H resulted in the extraction of little
to no ligand. Yields for extractions attempted at p H levels below 4.8 were around 1%.

b)

a)

•A i

7

,1
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Figure 1 10 'H N M R spectrum (300 M H z , D M S O - d 6 ) and peak assignments of 4-(3-carboxypropyl)-4'-methyl-2,2.bipyridine. a) One-dimensional 'H N M R of the aromatic and aliphatic regions, with the carboxylic acid peak inset, b)
The two-dimensional C O S Y spectrum of the aromatic and aliphatic regions.
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Recrystallization of the product extracted at a p H of 4.8 resulted in the formation of beige
crystals, with a yield of 4 9 % . This yield was similar to the yield of 5 2 % that had previously been
reported.37 This resulted in an overall yield of 1 7 % , which gave 2.32g of product. The step that
reduced the yield was thefirstreaction, most likely due to the need for column chromatography.
The product w a s characterized by one- and two-dimensional proton N M R , as well as
electrospray-ionization mass spectrometry. The N M R results are presented in Figure 1.10.
The integration of the proton NMR showed six protons in the aromatic region and 9
protons in the aliphatic region, which was consistent with the structure of the desired product.
From the two-dimensional proton ( C O S Y ) spectrum, it was seen that there was a weak
correlation between the peaks at 7.3ppm and 8.2ppm, which would only be observed for the
protons at H 2 . A s a result, identification of the aromatic proton peaks was made possible. In the
aliphatic region, the C O S Y spectmm also made the assignment of the proton peaks possible. The
C O S Y spectmm showed a strong correlation of the triplets at 2.7ppm and 2.3ppm to the pentet at
1.8ppm, which would only occur if the peaks at 1.8ppm corresponded to H6. The protons at H 5
are at a higher chemical shift than the protons at H 7 due to deshielding effects from the pyridine
ring. A weak correlation was also observed between the methyl peak at 2.4ppm and the peaks
corresponding to H 2 and H 4 , which was also consistent with the structure of the desired product.
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Figure 1.11. Electrospray mass spectrum of 4-(3-carboxyl)-4'-methyl-2,2'-bipyridine.
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Electrospray mass spectrometry was also used to characterize the product, and is shown
in Figure 1.11. The peak at a mass/charge ratio of 257.4 corresponds to the mass of [bipy' +
H ] , providing even more evidence that the desired bipy' product had been synthesized. The
small peak at 513.6 m a y have corresponded to the dimerization of bipy'.
1.3.2.4 Stability of the ligand in acidic solution
When it was discovered that the bipy' ligand could not be extracted at a pH lower than
4.8, a solution that had been abandoned from an earlier extraction was adjusted to a p H of 4.8
using a concentrated sodium carbonate solution. The solution had been sitting in the fume hood
for approximately 5 months, and w h e n measured, its p H was 0.6. After adjusting fhe p H of the
solution, liquid/liquid extraction was performed with 5 x l 0 0 m L of dichloromethane. The product
was recrystallized from dichloromethane using hexanes, and beige crystals were collected.
Proton N M R showed that the recrystallized product had the peaks corresponding to the desired
product (refer to Figure A-l.3 in the Appendix). The yield of the product was 4 7 % , although
from the integration of the N M R spectmm it appeared as though some of the dimethyl starting
material was still present in the sample.
1.3.3 Synthesis of [Co(bipy)2Cl2]Cl
The synthesis of [Co(bipy)2Cl2]Cl from cobalt(II) chloride and 2,2'-bipyridyl was
performed as previously described.38 The product of the reaction was typically a purple powder,
although crystals were previously isolated and analyzed.39 The analysis of these crystals showed
a symmetrical structure, and was reflected in the proton N M R spectrum. Proton N M R spectra of
the powder product, shown in Figure 1.12, was m u c h more complex, although the structure of
the desired bis(bipyridyl) cobalt product was deduced. The proton N M R showed an integration
of 16 aromatic protons, which was consistent with the desired product. The shifts of these peaks
also corresponded to previously reported proton shifts.44 With help from the two-dimensional
proton spectmm (refer to Figure A-1.4 in the Appendix), it was found that eight protons
correlated strongly with one other proton, while eight protons correlated strongly to two protons,
which was also consistent with the desired structure.
D u e to the similar nature of the bipyridyl ligands bound to the cobalt centre, it was
difficult to assign protons for each N M R peak. However, the two protons with chemical shifts
38

above 9 p p m most likely belonged to the protons closest to the chlorine atoms, as they would be
the most deshielded. This knowledge, with help from the two-dimensional correlation spectmm,
allowed a rough assignment of the rest of the protons in the N M R spectmm. All of the protons
that belonged to the same pyridine rings as the identified protons also had higher shifts, which
indicated that they were also deshielded by the chlorine atoms. The lowest shifts in the spectmm
(between 7 and 7.5ppm) belonged to the two adjacent protons on the inside of the pyridine rings
positioned away from the chlorine atoms. The outer two protons on those pyridine rings showed
higher shifts, likely due to deshielding effects from the nitrogen atoms.

Figure 1.12. 'H N M R spectrum (300 M H z , D 2 0) of [Co(bipy)2Cl2]Cl.

Electrospray mass spectrometry was also used in order to confirm the presence of the
desired bis(bipyridyl) product. The peak at a mass/charge ratio of 441.3 corresponded to
[Co(bipy)2Cl2]+, and the peaks at 406.3 and 371.3 correspond to the compound after losing one
and two chlorine atoms, respectively. The peak at 291.2 could not be identified. The mass/charge
ratio of [Co(bipy)Cl2]+ would be 286.0, but its relationship to the peak at 291.2 is unclear.
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Figure 1.13. Electrospray mass spectrum of [Co(bipy)2Cl2]Cl.

During the synthesis of the bis(bipyridyl) precursor, a small amount of green product was
observed along with the major purple product. W h e n a metal spatula was used to transfer the
precursor complex, the green product would also form if the precursor was left in contact with
the spatula. This finding was not u n c o m m o n , and has been reported in published literature. In the
[Co(bipy)2Cl2]Cl synthesis paper by Vlcek,38 a green product along with the desired purple
product was precipitated. This was atfirstbelieved to be the trans-isomer of the bis(bipyridyl)
product, while the cis-isomer was the purple precipitate. However, it was shown that what was
believed to be the trans-isomer was actually a mixture of cobalt tris(bipyridyl) mixed with
CoCl 4 2 " and CI" ions.45
It should be noted that the method used to synthesize [Co(bipy)2Cl2]Cl can be potentially
dangerous. During one experiment, after the addition of the chlorine gas a release of pressure
occurred, in which one of the mbber stopcocks came off the roundbottom flask, releasing
chlorine gas into the surrounding area. Such an incident was also reported in a letter to the editor
of the Chemistry & Industry journal, in which the reaction vessel was shattered and the chlorine
gas w a s ignited.46 Extreme care should be taken w h e n performing this reaction.
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1.3.4

Preparation of [Co(bipy)2(bipy')]Br3 in ethanol

The synthesis of the redox label complex was first attempted in a similar fashion to a
published

method. 47

This method

involved

the addition of silver triflate after the

[Co(bipy)2Cl2]Cl had been dissolved, in order to precipitate out the chlorine ligands from the
bis(bipyridyl) precursor in the form of silver chloride (AgCl). This would allow bipy' to
coordinate to the cobalt in the vacancies left by the removal of the chlorine. During the
experiments, the addition of the silver triflate resulted in the immediate precipitation of a white
solid. This precipitation occurred so quickly that it was unsure if the solid was precipitated AgCl
or undissolved silver triflate. For this reason, after the precipitate had been removed it was left in
a vial exposed to light. Silver chloride is k n o w n to photodecompose into elemental silver and
chlorine gas, resulting in a purple colour. Over time, the colour of the precipitate went from
bright white to a dull purple-gray colour, confirming that the precipitate was silver chloride. A n
infra-red spectmm of the precipitate also produced no peaks, confirming the absence of silver
triflate, whose bonds produce several absorbance bands in the IR spectmm.
The vacancies created by the removal of the chlorine atoms would then allow the
coordination of the bipy' ligand to cobalt by simply adding the two in solution, allowing enough
time for the proper dative covalent bonds to form. The precipitation of the label complex from
ethanol w a s done by adding tetrabutylammonium bromide ( T B A B ) to form a bromide salt that
was insoluble in ethanol. A three-fold molar equivalent of T B A B was added, since the label
complex (as well as cobalt tris(bipyridine)) had oxidation states of three, which would require
the formation of a tribromide salt. In m a n y cases, the addition of a three-fold molar equivalent of
T B A B did not result in any precipitation from the solution, since the complex was still soluble. A
combination of evaporating the solvent in vacuo and refrigerating the sample helped to
precipitate a solid out of the solution. The addition of more T B A B to the solution also helped in
the formation of the precipitate, although this created problems with impurities that will be
described below.
Afterfilteringthe precipitate, the solid was analyzed by proton N M R , shown in Figure
1.14a. The desired label complex would integrate to a total of 22 aromatic protons, and 9
aliphatic protons. T h e integration of the N M R in Figure 1.14a resulted in six aromatic protons
and the desired 9 aliphatic protons. The integration of this spectmm indicated that the primary
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easily dissolved in deuterated Figure 1.14. 'H N M R spectra (300MHz, D 2 0) of [Co(bipy)2(bipy')]Br3. a)
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,
The reaction crude product, b) Combined Sephadex G-50 fractions of the
XT „ m
water before the N M R second separated band.
analysis was done. During the synthesis of bipy', the N M R analyses of the ligand were
conducted in deuterated chloroform or dimethyl sulfoxide since bipy' was sparingly soluble in
D 2 0 . A s well, comparing the proton N M R of the product to the one for the bipy' ligand (Figure
1.10), there is a slight change in the chemical shift of one of the aromatic proton environments.
In the bipy' spectmm, the shift representing two protons at 8.2ppm was shifted to approximately
7.5ppm in the proton spectmm of the reaction product. This m a y have been the result of the
formation of an iron tris(bipy') complex, if there was an iron contamination while the reaction
was taking place. In Figure 1.14a, a small peak at 8.2ppm was observed, which m a y have been
from unreacted bipy' ligand, since it is a match with the shift in the bipy' spectmm. However,
chemical shifts of protons vary depending on the solvent used, and the change in chemical shift
m a y also have been simply the result of using a different solvent to perform the N M R analysis.
A n effort to eliminate the possibility of iron contamination will be discussed in a later section.
The proton N M R also showed a considerable contamination of tetrabutylammonium
cation ( T B A + ) in the sample. T B A + in proton N M R would produce three peaks for the -CH 2 chain proton environments, and one - C H 3 group. The C H 2 peaks appeared at 3.2ppm, 1.6ppm
and 1.3ppm in the spectmm, and the C H 3 peak appeared at 0.9ppm. It was feared that this
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contamination would interfere with the general characterization of the label complex, so attempts
were m a d e to remove this contamination with Sephadex.
Electrospray mass spectrometry characterization of the reaction products also showed a
compound with the mass of T B A + in the sample, with a peak at a mass/charge ratio of 242.5
being the predominant peak in all samples submitted. This impurity made the visualization of the
other components of the sample more difficult, as their relative intensity was so low that possibly
important minor peaks were less distinguishable from the baseline noise. N o peaks that pertained
to the desired [Co(bipy)2(bipy')]Br3 compound could be deduced from the other peaks present in
the M S results.
1.3.4.1 Sepahadex purification of the bromide salt product
Sephadex is an ion exchange separation column material, and it was used in this
experiment to try to isolate the desired [Co(bipy)2(bipy')]3+ product after the ethanol reactions. In
the reaction product, the major impurities were unreacted bipy' ligand and tetrabutylammonium,
from the precipitation of the bromide salt. Since the cobalt tris(bipyridyl) complex would have a
positive charge of either 2 + or 3+ due to the oxidation state of the cobalt center, it would migrate
at a different speed from the bipy' ligand or tetrabutylammonium in cation exchange.
Sephadex G-50 was used to make small columns, and a 0.1M NaCl solution was used as
the eluent in order to slow the elution of the product components and create the proper separation
between them. During the elution of the products, two bands formed. The first band was
typically bright orange to red in colour, and eluted out of the column using the 0.1M NaCl
solution as the eluent. The second band was orange in colour, and a stronger eluent of 3 M NaCl
was used to elute it from the column. After both bands were collected they were analyzed by
proton N M R . The proton spectmm of thefirstband was similar to the overall spectmm depicted
in Figure 1.14a, with an integration of six aromatic protons and nine aliphatic protons, and the
presence of tetrabutylammonium. The proton N M R spectmm of the second band is shown in
Figure 1.14b. In this spectmm, four more peaks appeared in the aromatic region of the spectmm.
These protons corresponded to the protons on the unmodified bipyridine ligands. The shifts of
these protons were divided into four distinct environments, which was different from the
multiple environments shown in the proton N M R of the [Co(bipy)2Cl2]Cl precursor (see Figure
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1.12). There were also changes in the shifts of the proton environments, which m a y have been
the result of the dissociation of the chlorines and the formation of a bond with a bipy' ligand.
These four environments, w h e n their integrations were observed separately, were equal in
magnitude, which was consistent with the protons of the bipyridine ligands. However, when
compared to the rest of the spectmm, their integration was less than it would be in the
characterization of a pure redox label compound.
In [Co(bipy)2(bipy')]Br3, the unmodified bipyridine protons should give a total
integration of 16 protons, or 4 protons in each environment. In the spectmm however, the
relative integration was m u c h less, at approximately 1.5 at each environment. This observation
m a y have been the result of m a n y situations. O n e possible source of the peaks m a y have been
unreacted cobalt bis(bipyridyl) precursor. This was a possibility, since the N M R spectmm also
suggested the presence of unreacted bipy' ligand in the sample. If this was the case, however, the
chemical shifts of the protons seen in the spectmm should be like the ones seen in Figure 1.12,
but they were quite different in the observed spectmm. Also, the colour of the product was
distinctly orange, and no purple was seen in the product. Another possible reason for the
difference was the formation of a mono(bipyridyl) cobalt complex, with the other four ligands
being either chlorine or water. The last possibility is that the peaks were from the formation of
the desired redox label, but it was m u c h less abundant than the bipy'-based impurity. However,
since a proton N M R of a pure redox label product was not done in D 2 0 , this possibility was not
tested.
Despite the success in the separation of two compounds using Sephadex G-50, the
presence of T B A + w a s seen in all of the fractions that were collected. This was most likely
because Sephadex G-50 is not an ion exchange medium. The G-series of Sephadex is the matrix
that can be modified with charged functional groups, which can then be used for ion exchange.
W h e n this was discovered (the bottle in the lab had been simply labelled 'Sephadex'), a
separation column was prepared with Sephadex C-25, which is designed for cation exchange
chromatography.
The separation using the n e w Sephadex proceeded similarly to the previous separation,
with thefirstband being eluted with 0.1M NaCl and the second band with 3 M NaCl. The proton
N M R spectra of the bands were also identical to the spectra seen from thefirstseparation, with
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three aromatic environments seen in thefirstband and seven observed in the second band.
However, in these spectra no peaks for T B A + were observed. From this experiment, it was
concluded that the C-series of Sephadex was able to remove the T B A + contamination from the
reaction product, but isolation of a pure redox label was still a problem.
1.3.5

Synthesis of [Co(bipy)2(bipy')](PF6)3 in water

Once it was determined that purification and crystallization of the redox label complex
was difficult to perform from ethanol, the decision was made to attempt the synthesis in water,
using a bulkier counter-ion ( a m m o n i u m hexafluorophosphate, (PF 6 f) to perhaps facilitate the
formation of crystals from the aqueous solution. The procedure was based on an aqueous
synthesis of [Co(bipy)3]Cl3 that was previously published.

The method of complex

precipitation was modified from the published method, and E D T A was added to the water, in
order to eliminate the possibility of contamination from iron.
The addition of the E D T A m a y have resulted in unwanted reactions, however, and it was
believed that the solution's colour change to green observed before the usual orange colour was
due to the formation of a C o ( E D T A ) complex.39 However, this m a y not have been the problem,
since the colours of C o 2 + ( E D T A ) and C o 3 + ( E D T A ) have been reported as pink and blue-violet,
respectively.
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Figure 1.15. 'H N M R (300MHz, D M S O - d 6 ) of the initial precipitation of [Co(bipy)2(bipy')](PF6)3
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Immediately upon the addition of a m m o n i u m hexafluorophosphate to the reaction
solution, an orange solid precipitated. This solid wasfilteredfrom the solution and analyzed by
proton N M R , as illustrated in Figure 1.15. The integration of the spectmm showed that there was
a relatively low integration for the aromatic protons compared to the aliphatic protons, with the
aromatic protons integrating to 14 w h e n 22 protons were expected.
One encouraging observation from the proton NMR was the fact that the peaks that
correlated to the unmodified bipyridines occupied only four proton environments, whereas in the
proton spectmm for the [Co(bipy)2Cl2]Cl precursor there were m a n y more proton environments
observed. This change m a y have been due to the replacement of the chlorine atoms on the cobalt
center by bipy', which m a y have created a better symmetry of the environments for the
unmodified bipyridine ligands. Since the N M R spectra were taken in different solvents, however,
this could not be a definitive answer.
Using a two-dimensional proton NMR spectmm, the aromatic proton peaks at 8.9ppm,
7.6ppm and 7.2ppm were assigned to the bipy' ligand, and the peaks at 9.0ppm, 8.6ppm, 7.8ppm
and 7.4ppm were assigned to the unmodified bipyridine ligands of the complex. U p o n closer
inspection, a shoulder on the higher-shift side on the peak at 9.0ppm also correlated to the bipy'
ligand, bringing its integration to six protons, which was expected. The integration of the
unmodified bipyridine ligands, however, was half of what it should have been. These results
indicated that there was an excess of unreacted bipy' ligand present in the solid product.
Attempts were made to try to recrystallize and purify the desired complex from the
reaction product, and are described elsewhere. These attempts involved recrystallizing the label
complex from acetone or acetonitrile using hexanes, or removing the impurity with solvents such
as w a r m water or isopropanol. However, no crystallization was achieved, and all resulting proton
N M R spectra showed spectra similar to the original, indicating that the purification was not
successful.
1.3.5.1 Formation of [Co(bipy)2(bipy')](PF6)3 crystals
Afterfilteringout the original product synthesized in the previous section, thefiltratewas
collected in a beaker and left to evaporate in the fume hood. After some time, it was discovered
that a small amount of orange crystals had formed in the bottom of the beaker. These crystals
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werefilteredout of the solution and analyzed by proton N M R , as is shown in Figure 1.16. The
integration of the peaks in the spectmm revealed 22 protons in the aromatic region and 7 in the
aliphatic region. O n e of the -CH 2 - peaks was masked by an acetone peak at approximately
2.1ppm and as a result was difficult to integrate, so it was concluded that all nine aliphatic
protons were accounted for in the spectmm.

_ji
ppm

^1—n
70

50

6.0

40

_JUJ VJL

V

V

V

ro
o

co
b

—
co

o

J^

ID

30I ' ' '

20

Figure 1.16. [ H N M R (300MHz, acetone-d6) of the crystals of [Co(bipy)2(bipy')](PF6)3.

The C O S Y spectmm, shown in Figure 1.17, was used to assign the chemical shifts to
specific areas of the bipy and bipy' ligands. In the aliphatic region of the spectrum (Figure
1.17a), the correlations of the peaks matched those of the bipy' ligand, with the peaks at 2.0, 2.4
and 3.0ppm corresponding to the -CH 2 - groups in the butyl chain, and the peak at 2.7ppm
corresponding to the 4'-methyl protons. The aromatic region (Figure 1.17b) was more
complicated, but strong correlations were found between the peaks at 9.1, 8.6 and 7.9ppm,
indicating that these protons were from the unmodified bipyridine ligands, since the proton
arrangement of bipy' did not allow the strong correlation between three protons (see Figure
1.1 Id). O n closer inspection, the multiplet peak at 7.9ppm could be divided into two halves, one
half at 7.9ppm and the other half at 7.8ppm. These two halves also appeared to correlate to each
other, although this observation was rendered more difficult by the resolution of the spectmm.
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From these observations, the protons on the unmodified bipyridine ligand were assigned, as
shown in Figure 1.17c.
To help assign the protons in the bipy' ligand, a weak correlation was observed between
the peaks at 9.0ppm and 7.7ppm. The large multiplet at 7.7ppm, like with the peak at 7.9ppm
mentioned previously, could be divided into two halves, with one peak at 7.7ppm and the other
at 7.6ppm. From the C O S Y spectmm, it appeared as though the two halves interacted with each
other. These observations allowed the assignment of the protons, seen in Figure 1.17d.
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Figure 1.17. 'H N M R C O S Y ( 3 0 0 M H z , acetone-d6) spectra of the [Co(bipy)2(bipy')](PF6)3 crystals, a) Correlations
(green boxes) of the chemical shifts in the aromatic region, b) Correlations (green boxes) of the chemical shifts in
the aliphatic region. The determined chemical shifts of protons in the c) 2,2'-bipyridine and the d) 4-(3carboxypropyl)-4,-methyl-2,2'-bipyridine ligands are also shown.

A sample of the [Co(bipy)2(bipy')](PF6)3 crystals was also sent for electrospray mass
spectrometry characterization. The resulting spectmm is shown in Figure 1.18. From the
spectmm, some peaks were found to correspond to possible mass/charge values from the label
complex ( M = [Co(bipy)2(bipy')]3+ = 627.6 g mol 1 ). The peak at 917.2 matched the mass of [ M
+ 2(PF6)"]+, while the peak at 470.3 matched the mass/charge ratio of [ M + 2(PF6)" + N a + ] 2 + ,
suggesting that the crystals were the desired label complex.

48

.[bipy' + H + ]

[Co(bipy)2(bipy') + 2(PF6)" + Na + ]
4?

•

•

/

.

[Co(bipy)2(bipy') + 2(PF 6 y]
ill 2

/

.„,
9i?i
568 3

uxi

;no

i

:;oo

645.3
j

^oo

yn>

ecu

I0171

!'•">•'

?oo

i 8?3.4

HOP

900

..

.

u;oo

n<x>

tr-oo

1334,

.

,,,,.

S.SOI) i^:X)

Figure 1.18. Electrospray ionization mass spectrum of [Co(bipy)2(bipy')](PF6)3.

Other peaks that m a y have corresponded to parts of the redox label complex, but not the
complex as a whole, were also identified. The peak at 257.2 matched the m/z of [bipy' + H + ] + ,
which was possible since one of the nitrogens in the bipy' ligand m a y have become protonated
during the M S analysis process. The peak is fairly abundant in the spectmm, and there are a few
possible reasons for this. O n e possibility is that the peak comes from unreacted bipy' in the
crystal product, which m a y be supported by the peak at 369.2 that is close to the mass of
Co(bipy) 2 ( M W = 371.3g mol"1). There was also a peak at 371.2 (not shown in the figure), which
was even closer to the precursor's molecular mass, although this assignment does not account for
the charge on the cobalt center. Another possible reason for the abundance of the peak was the
degradation of the label complex during the M S analysis. The most abundant peak in the
spectmm was the peak at 297.2, which m a y have been due to the bipy' ligand being derivatized
during a reaction or during the M S process, or even to an impurity in the sample. However, a
compound that corresponds to the peak has not yet been identified.
The pronounced peaks on either side of the peak at 917.2 m a y also be atributed to two
separate processes. The peak at 817.1 m a y correspond to [ M + (PF6)"]2+ that was derivatized with
an ethoxide group, which m a y have been possible since the M S sample was prepared by
dissolving the label complex crystals in ethanol. The peak at 1017.1 m a y have been the result of
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the carboxylic acid (COO") functional group coming off the bipy' ligand from the [ M + 3(PF6)"]
complex ( M W = 1062.5 g mol"1) during M S analysis. It has been reported in studies that the
C 0 2 " groups from aromatic50 and aliphatic51 compounds can be lost during mass spectrometry
analysis.
In a UV-Vis spectroscopy study of [Co(bipy)3]2+,52 an absorption maximum was found at
454nm, with a molar extinction coefficient of 50M" 1 cm"1. This absorbance was found to
correspond to a d~>d transition in the cobalt center. This value was used for comparison to a
basic UV-Vis study performed on the [Co(bipy)2(bipy')](PF6)3 crystals that were synthesized.
According to the Beer-Lambert law, the absorbance (A) of an analyte is based on the equation
A = eel,

where 8 and c are the molar absorption coefficient and concentration of the analyte, respectively
and 1 is the path length of the light through the sample. B y analyzing the absorbance of a known
concentration of [Co(bipy)2(bipy')](PF6)3 in acetonitrile, an absorbance m a x i m u m was found at
453nm. The molar extinction coefficient at this band m a x i m u m was calculated to be 47M" cm" ,
very close to the value observed for cobalt tris(bipyridine). This was a desirable outcome since it
was hoped that the modifications of bipy' did not highly effect the characteristics of the cobalt
center. Although repeated analyses would give a reproducible outcome as to the absorption
activity of the complex, this study provided evidence that the replacement of 2,2'-bipyridine with
bipy' did not have a great effect on the cobalt center.
The studies performed on the crystals provided evidence that the desired complex had
been synthesized by the reaction, and that the effect of the modified ligand m a y not have altered
the characteristics of the cobalt tris(bipyridyl) complex in an undesirable way. However, this
product was formed by chance, and its yield was very low (a few milligrams), and at the present
a method to synthesize a greater amount of the label complex is a challenge.
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1.3.5.2 Effect of reaction temperature on the synthesis of [Co(bipy)2(bipy')](PF6)3
The observations m a d e during the successful (although low-yield) synthesis of
[Co(bipy)2(bipy')](PF6)3 suggested that the redox label could be synthesized in an aqueous
m e d i u m with no added reagents. A s a result, the synthesis was retried at 0°C in the hopes that
any unwanted side-reactions would be less favoured. Also, the E D T A was omitted in this
reaction, to further simplify the conditions and to avoid possible unwanted coordination with
cobalt. U p o n the addition of NH4PF6, a precipitate formed. The precipitate was orange in colour,
and proton N M R analysis showed integration values similar to those shown in Figure 1.15. A s
with the previous experiment, after the precipitate was filtered out, thefiltratewas left to
evaporate in the fume hood. A s some of thefiltrateevaporated, flakes began to form in the
solution. The flakes were removed from the solution by centrifuging thefiltrateand decanting
the supernatant. The flakes were then dried in a desiccator.
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Figure 1.19. 'H N M R ( 3 0 0 M H z , acetone-d6) offtakes formed in the filtrate of a [Co(bipy)2(bipy')](PF6)3 reaction
product. The reaction is described in Section 1.3.5.2.

The proton N M R spectmm of the flakes is shown in Figure 1.19. It was hoped that the
flakes would provide the same spectmm as the crystals, shown in Figure 1.16. From the analysis
of the spectmm, it was found that the integration of the aromatic region of the spectmm was too
low relative to the integration of the aliphatic region. The peaks that pertained to the protons of
the bipy' ligand also had a higher integration relative to the unmodified bipyridine protons,
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signifying that there w a s an excess of unreacted bipy'. Allowing more of the filtrate to evaporate
did not result in the formation of any crystals. The characterization of the flakes showed that the
desired product had been synthesized, but impurities were also a considerable product.
The reaction was also performed at 75°C, as was described elsewhere.39 Similar results to
those above were observed, and purification attempts were again unsuccessful in attaining the
desired integration in the proton N M R .
Finding a reaction method that could be used to synthesize the pure redox label on a
large scale w a s not accomplished in this study, although the isolation and characterization of
crystals allowed proton N M R and mass spectrometry characteristics to be identified. It was
determined that the desired [Co(bipy)2(bipy')](PF6)3 complex was being synthesized, but
impurities m a d e definitive characterization spectra difficult to attain. Synthesis of the label
complex w a s also attempted at controlled p H levels. N M R characterization of the product of a
synthesis performed at a p H of 4.8 showed a greater presence of the desired label complex;
however, more study is necessary in order to confirm these results. Conjugation experiments
were performed with the reaction products of the aqueous syntheses, on the expectation that the
probe complex would be able to couple with D N A even in the presence of minor impurities.
1.3.6

Electrochemical characterization of [Co(bipy)2(bipy')]Br3

To assess the suitability of the redox label for its implementation in the electrochemical
sensor design, its redox potential w a s measured using cyclic voltammetry and square wave
voltammetry. The desired result w a s a redox potential that was similar to the [Co(bipy)3] + /
[Co(bipy)3]2+ potential that was previously reported, or one that was more suitable than that of
ferrocene.
For simplicity, an aqueous electrolyte buffer was prepared to use in the experiments. This
required the salt metathesis of [Co(bipy)2(bipy')](PF6)3 to [Co(bipy)2(bipy')]Br3 in order to m a k e
the complex water-soluble. After the metathesis product wasfilteredand dried, the yield of the
metathesis w a s approximately 8 0 % .
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T h e cyclic voltammetry experiments showed a reversible reduction/oxidation process that
had a redox potential of E, /2 = 0.022 ± 0.007mV against a Ag/AgCl reference electrode. Square
w a v e voltammetry analysis resulted in a redox potential of 0.016mV against a Ag/AgCl
electrode. This value showed an improvement over ferrocene, which had a reported redox
potential of 0.16V against a Ag/AgCl electrode in a 0.1 M solution of NaF. 53
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Figure 1.20. a) Cyclic voltammetry and b) square wave voltammetry electrochemical analyses of
[Co(bipy)2(bipy')](PF6)3, using Ag/AgCl as a reference electrode. The electrolyte buffer used was 2 5 m M TRIS-HC1
(pH 8.2) and l O O m M N a C l .

The electrochemical study of [Co(bipy)2(bipy')]3+ conducted in this report was
preliminary, so more analysis, particularly study of a purer sample, would be needed in order to
fully assess the suitability of the label complex for the sensor design. However, the preliminary
results showed promise that use of this complex in the sensor would be able to improve the
signal-to-noise ratio.
Another advantage of implementing a cobalt tris(bipyridyl) complex in this sensor is the
potential for electrocatalysis, in which a compound can be added in solution that will also
transfer electrons with the redox-active label. This coupling of the electrode reduction and
oxidation of the c o m p o u n d with a chemical reaction to convert the species back to its original
state can create an electrocatalytic cycle, which would enhance the observed electrochemical
signal.54 Although electrocatalysis was not tested with the modified cobalt tris(bipyridyl) label
produced in this project, further study m a y show that electrocatalysis can add signal
enhancement to an advantageous redox potential to produce a highly desirable redox-active label
for use in an electrochemical sensor.

53

1.3.7

Redox label and bipy' conjugation to D N A

Covalent binding of the redox label to the DNA aptamer is preferred to ionic or nonspecific binding for a number of reasons. First, a 1:1 ratio of label-to-DNA is guaranteed after
covalent attachment and purification, which will allow more reproducibility in the results, as
labelling by non-specific interactions adds a degree of uncertainty to the preparation of the
sensor. Secondly, since aptamers have specific structural responses to their targets, redox labels
can be placed on specifically designated spots on the aptamer, in order to ensure that no signal is
observed in the absence of the target, and an efficient electron transfer pathway is established in
the presence of the target. The attachment of the label on the aptamer does not have to be on the
5'- or 3'-ends of the aptamer; amine-modified bases can be purchased to attach the label at any
point in the aptamer strand.55
1.3.7.1 Two different approaches to conjugation of the label to DNA
In an attempt to find the most efficient mode of label-DNA attachment, two different
methods were used. Thefirstmethod was tethering the redox label itself to D N A . Since mass
spectrometry results had shown that the desired label was in the product, it would have been
available to attach to D N A in a peptide coupling reaction. Although purification of the probe
molecule w a s not easily done from the product, attaching the probe to D N A would facilitate
another w a y of isolating and characterizing it. The other approach was to tether bipy' to the
aptamerfirst,and reacting the bipy'-DNA conjugate with [Co(bipy)2Cl2]Cl in order to have the
fully-formed label bound to D N A as a result.
Each of these approaches provides their own advantages and disadvantages. Advantages
of tethering the redox label as a whole to D N A are that it could be done in one step, and since the
D N A is bound to a solid support, the reaction solution could be removed and the support-bound
D N A could be washed easily and without the need for extensive cleanup. O n the other hand, the
need of a harsh base to cleave the D N A from the support m a y result in the degradation of the
compound. This problem could be solved by coupling the bipy' ligand to the D N Afirst,then
cleaving the bipy'-DNA conjugate from the solid support and reacting it with [Co(bipy)2Cl2]Cl.
The bipy'-DNA bond m a y be more stable to the a m m o n i u m hydroxide needed to cleave the
D N A off the glass beads than the bonds of the bipyridine ligands, and allow the formation of the
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label complex after the conjugate is cleaved. However, this requires finding the correct
conditions for the reaction of the [Co(bipy)2Cl2]Cl precursor, and isolating the desired conjugate
from the unreacted reagents would require extra purification steps.
Scheme 1.4. Redox label-DNA conjugation by tethering bipy' first and reacting with
[Co(bipy)2Cl2]Cl.
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1.3.7.2 Early conjugation attempts using P y B O P
Thefirstattempts at D N A conjugation with bipy' and the redox label were done using the
P y B O P method described in Section 1.2.6.2. The D N A sequence used was a random 18-base
D N A sequence. With the C 6 amino-modifier, the overall D N A sequence was 5'-H2N-(CH2)6C C T A T G A T A G C A T C G GTC-3'. The molecular weight of the H 2 N - D N A was calculated
with Oligocalc56 as being 5653.6 g mol"1, and the molecular weights of the bipy' and label-DNA
conjugates were calculated as being 5891.9 and 6263.2 g mol" , respectively.
The validity of the conjugation was verified by mass spectrometry. The phosphate groups
that comprise a part of the D N A backbone are negatively charged; the charge of a D N A strand
could vary from single- to multiple-charged strands, with strands of the same sequence having
different charges. This results in a complex mass spectmm. However, by mnning a convoluted
mass spectmm through a computer program that assigns charges to specific M S peaks, a
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deconvoluted spectmm can be determined. A n example of a convoluted and deconvoluted mass
spectmm is shown in Figure 1.21. The label that each peak in the spectmm are given is in the
format (mass/charge - charge - peak ID). A s an example from Figure 1.21a, the reading (821.7 9 A ) means that the peak at a mass/charge ratio of 821.7 corresponds to a D N A strand 'A' with a
charge of -9. This peak is derived from the same D N A strand as the peaks at 739.3, 924.3 and
1056.5. W h e n all of these peaks are multiplied by their charges, they give the large peak in the
deconvoluted mass spectmm at 7403.3. Thus the full molecular weight of the D N A strand can be
determined using mass spectrometry.

a)
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Figure 1.21. Examples of a) convoluted and b) deconvoluted mass spectra of a nucleic acid strand. The calculated
mass of the nucleic acid was 7402.8 g mol"1.

The first series of conjugation attempts was performed using the same procedure as has
been reported for the coupling of a bipy'-modified mthenium complex to D N A in the literature
(see Section 1.2.6.2).57 After cleaving the D N A from the beads, high-performance liquid
chromatography ( H P L C ) was used to attempt to separate the bipy'- and probe-conjugated D N A
from the unconjugated D N A . A s well as monitoring at 260nm, which is the m a x i m u m
absorbance wavelength of D N A , the spectmm was also monitored at 290nm. This was done in
order to track the D N A signal more accurately at higher concentrations, since for concentrated
samples the diode array detector would quickly saturate at 260nm, but the value at 290nm would
be relatively smaller since it is shifted from the m a x i m u m absorbance. The M S results for the
first bipy' and label conjugation attempts are listed in Tables 1.5a and 1.5b. From the tables, it
was observed that the bipy'-DNA conjugation attempt using P y B O P was unsuccessful, while the
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results for the label-DNA conjugation attempts showed peaks that indicated that bipy' had been
tethered to the D N A .
Table 1.5a. ESI mass spectrometry results of HPLC fractions collected from a bipy'-DNA
conjugation experiment using P y B O P , the procedure of which is outlined in Section 1.2.6.2.
Retention time

Spectmm reference

(min)

Calculated
molecular weight

Observed
molecular weight

(gmol"1)

(gmol"1)

Desired
conjugate
observed

9

Appendix, A-l.5.1

5891.9

5696.6

None

11

Appendix, A-l.5.2

5891.9

5758.2

None

Table 1.5b. ESI mass spectrometry results of H P L C fractions collected from a
[Co(bipy)2(bipy)'](PF6)3-DNA conjugation experiment using P y B O P , the procedure of which is
outlined in Section 1.2.6.2.
Retention time

Spectmm reference

(min)

Calculated
molecular weight

Observed
molecular weight

(gmol"1)

(gmol"1)

Desired
conjugate
observed

5.5

Appendix, A-1.6.1

6263.2

5696.3

None

11

Appendix, A-1.6.2

6263.2

5696.3

None

17

Appendix, A-1.6.3

6263.2

5892.4

bipy'-DNA

The most encouraging result from this trial is the M S result from the fraction collected at
17 minutes from the H P L C separation of the redox label-DNA conjugation attempt (Table 1.5b).
The mass spectmm showed a peak at 5892.4, which is in agreement with the molecular weight of
the bipy'-DNA conjugate. The bipy'-DNA peak was also the most abundant peak in the mass
spectmm by far, indicating the H P L C had succeeded in isolating the bipy'-DNA conjugate.
However, upon closer inspection of the other two H P L C fractions collected from the same m n ,
peaks corresponding to a bipy'-DNA were also seen, with the 5.5 minute fraction showing a
peak at 5891.7 and the spectmm of the 9 minute fraction displaying a peak at 5893.2. Despite the
evidence that the fraction at 17 minutes appeared to demonstrate that H P L C could isolate bipy'conjugated D N A , the conjugate was still eluting throughout the entire H P L C program. These
results indicated either that isolation could not be performed by H P L C , or possibly that only the
isolation of the bipy'-DNA could not be done successfully (see Section 1.3.7.5).
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Subsequent bipy'-DNA conjugation attempts using P y B O P for coupling also failed,
which m a y indicate that P y B O P was not a useful reagent for bipy'-DNA conjugation
experiments. However, if this were true, a bipy'-DNA conjugate should not have been seen in
the M S results from the label-DNA conjugation attempts. Subsequent label-DNA tests sent for
M S evaluation also showed peaks for the bipy'-DNA conjugate and no label-DNA conjugate.
O n e possible explanation for these observations is that the presence of the redox label (or one of
the impurities) in solution facilitated the tethering of bipy' to D N A , a factor which was not
present in a solution of bipy'. A more likely scenario is that the label-DNA conjugate was being
formed by the conjugation reaction, but degradation in either the isolation of the D N A conjugate
after the reaction, or in the mass spectrometer, resulted in a formed peak for bipy'-DNA.
1.3.7.3 bipy'-DNA conjugation with E D C and N H S
Since it was believed that PyBOP was not functional in the conjugation reactions of the
bipy' ligand and D N A , alternative reagents were used in an attempt to complete the conjugation
successfully. In the conjugation attempts with E D C and N H S , a different reaction scheme was
followed, and a m u c h higher molar ratio (11:1 of bipy' to D N A ) was used. Also, since E D C did
not readily dissolve in dimethylformamide, a larger volume had to be used. This was not
desirable, since the larger reaction volume m a y have led to a lower efficiency of the conjugation
reaction, but the problem m a y have been corrected by the molar excess of the reagents.
The mass spectrometry results from a c m d e bipy'-DNA sample (the sample was not
purified after cleaving and deprotection by H P L C or any other method), are shown in Figure
1.22. The expected molecular weight of the bipy'-DNA conjugate was 5891.9, as mentioned
above (Section 1.3.7.2). In the deconvoluted mass spectmm, a peak at 5890.6 was observed,
which indicated the presence of a bipy'-DNA conjugate in the sample.
This result showed that a bipy'-DNA conjugate could be produced when E D C and N H S
were used to form the intermediate. N o peak corresponding to the molecular weight of the
amino-modified D N A (5653.6 g mol"1) was observed, although a peak at 5695.7 was fairly
predominant. This peak was observed in most mass spectrometry results, and m a y have
corresponded to the amino-modified D N A and an acetyl group, although the source of the acetyl
group was uncertain. S o m e of the other peaks in the spectmm m a y have been the results of
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impurities, or sodium ( M W = 23 g mol"1) or potassium ( M W = 39 g mol"1) ions binding to the
negatively-charged phosphate functional groups in the backbone of the D N A .
Since the presence of bipy'-DNA in the sample had been determined, the sample was
then used for the next step, which was reacting the bipy'-DNA conjugate with the cobalt
bis(bipyridyl) chloride precursor.
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Figure 1.22. Deconvoluted mass spectrum of a crude bipy'-DNA conjugation product. E D C and N H S were used in
the peptide coupling reaction.

1.3.7.4 Reacting bipy'-DNA with [Co(bipy)2Cl2]Cl
It was believed, since the redox label was synthesized by simply dissolving the cobalt
bis(bipyridyl) precursor in water and then adding the bipy' ligand, that dissolving the
bis(bipyridyl) precursor in aqueous solution and then adding the bipy'-DNA conjugate might
result in the formation of the completed redox label tethered to the D N A strand. If the mass
spectmm of this product showed a peak corresponding to a label-DNA conjugate, it could be
concluded that the conditions under which the conjugation was performed, or under which the
conjugate

was

isolated

(concentrated

NH4OH),

resulted

in the degradation of the

[Co(bipy)2(bipy')]3+ complex. This would prove that degradation of the label complex in mass
spectrometry was not a problem. The difficulty associated with this reaction was that it was done
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after the D N A w a s cleaved off the glass beads, which m a d e the removal of the unreacted
bis(bipyridyl) precursor more difficult. The mass spectrometry result of the product is shown in
Figure 1.23. N o peak corresponding to the redox label-DNA conjugate (calculated molecular
weight: 6263.2 g mol"1) was observed, but a peak corresponding to the bipy'-DNA conjugate was
present in the spectmm.
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Figure 1.23. Deconvoluted mass spectrum of a crude product of the reaction between the bipy'-DNA conjugation
product and [Co(bipy)2Cl2]Cl in aqueous solution.

It was also observed that the bipy'-DNA conjugate peak in the mass spectmm was much
smaller than it was in the previous sample. Since the bipy'-DNA used to react with the cobalt
bis(bipyridyl) precursor was from the same sample that provided the mass spectmm in Figure
1.22, the peak should have been more intense than the peak that was observed. This m a y have
simply been due to variation between the sample that was sent for analysis and the sample that
was used for the reaction, as the relative intensities for the other major peaks in Figure 1.23 are
different from those in Figure 1.22. Another possible reason that the peak was relatively lower
m a y be that the bipy'-DNA was reacted with the cobalt bis(bipyridyl) complex, which lowered
the abundance of bipy'-DNA in the product. However, the relative intensity of the peak is the
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only evidence that this reaction m a y have occurred, since no peaks corresponding to a labelD N A conjugate were visible in the mass spectmm.
1.3.7.5 High-performance liquid chromatography (HPLC) of the peptide coupling reaction
products
From the MS results, it was determined that HPLC was not effective at isolating the
bipy'-DNA conjugated from label-DNA conjugates or unconjugated D N A , since a peak
corresponding to bipy'-DNA was found in all three fractions from a [Co(bipy)2(bipy')]3+ and
D N A peptide coupling product (refer to Section 1.3.7.2). However, the H P L C analyses did
provide results that were not explored entirely, but which m a y prove to be important.
From the HPLC collection mn for the first label-DNA coupling reaction (Section
1.3.7.2), the sample that gave a retention peak at 17 minutes was predominantly the bipy'-DNA
conjugate, as was shown by the mass spectrometry results. This peak was also seen in a
subsequent label-DNA conjugation attempt, for which an M S analysis of the c m d e showed a
peak at 5890.9, which indicated the presence of a bipy'-DNA conjugate.

Figure 1.24. Diode array detector signals observed at 260nm from reverse-phase H P L C , elution program described
in Section 1.2.7. The red line represents the product of a bipy' and D N A coupling reaction using E D C and N H S (see
Section 1.3.7.3). The blue line represents the product of a redox label and D N A coupling reaction using PyBOP.
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H P L C analysis was used to characterize all of the c m d e conjugation products for the
early peptide coupling reaction attempts. It was found that the H P L C analysis of bipy' and D N A
coupling attempts under the same mobile phase conditions did not display a peak with a retention
time at 17 minutes. This was also tme for an H P L C analysis done of a bipy'-DNA product for
which the presence of bipy'-DNA was confirmed by M S (see Section 1.3.7.3). A n overlaid graph
of the diode array detector responses at 260nm for a label-DNA analytical m n and a bipy'-DNA
analytical m n is shown in Figure 1.24.
Since the label-DNA sample produced a peak at 17 minutes that was determined to
contain primarily bipy'-DNA, the same peak should also have appeared in the H P L C for a bipy'D N A sample that contained the bipy'-DNA conjugate. However, as seen above, this was not the
case. This could suggest that the peak at 17 minutes in the label-DNA coupling samples was the
desired label-DNA conjugate. However, this compound m a y have degraded into predominantly
the bipy'-DNA conjugate during the mass spectrometry analysis and as a result a label-DNA
peak was not observed in the mass spectra. The peaks in both samples that eluted at
approximately 15 minutes were found to not contain D N A , and m a y have been caused by
unreacted bipy' ligand.
Unfortunately, the only method used to characterize the sample eluted at 17 minutes was
mass spectrometry, so it could not be determined that the peak was conclusively a label-DNA
complex. Considering the observations from the implementation of polyacrylamide gel
electrophoresis ( P A G E ) discussed later (see Section 1.3.8.1), analysis of the fraction by P A G E
m a y be more helpful in the identification of compounds present in the sample.
1.3.8 Conjugation of bipy' and the redox label to shorter DNA strands
In the hopes of being able to synthesize complete D N A strands with a higher yield, the
next series of conjugation attempts was done using a shorter amino-modified D N A strand.
During D N A synthesis, the addition of each nucleotide is not 1 0 0 % efficient, so the longer the
D N A strand is, the lower the yield of the complete strand. The sequence of the new D N A strand
used for conjugation was 5'-H 2 N-(CH 2 ) 6 -AGA T C C G A T C-3'.
Another unique aspect of the conjugation attempts performed was that after the peptide
coupling reactions, cleaving of the D N A from the beads was done at room temperature, whereas
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previously cleaving had been done at 55°C. Differences resulting from changing the temperature
at which the D N A was cleaved from the solid support could be noted by visual observation of
the glass beads. The bipy' ligand was mostly colourless, but [Co(bipy)2(bipy')]3+ had a bright
orange colour. After peptide coupling with the redox label, the glass beads changed colour to
orange. This orange colour persisted, even after washing with dimethylformamide. Cleaving with
a m m o n i u m hydroxide ( N H 4 O H ) at 55°C resulted in the beads turning purple, while cleaving
with N H 4 O H at room temperature resulted in clear beads. The orange colour on the beads m a y
have been the result of successfully conjugated label molecules on the support-immobilised
D N A , or by non-specific affinity of the label molecule to the glass beads. While the cause of the
purple colour on the beads after heated cleaving was not studied, one possibility would be the
non-specific binding of [Co(bipy)2Cl2]+ to the glass beads, since the colour of the complex was
purple. This would indicate that the redox labelled D N A decomposed to [Co(bipy)2Cl2]+ when
heating was used during the cleaving procedure. This m a y be another reason that only a bipy'D N A conjugate was observed w h e n the conjugated product was analyzed by M S (see Section
1.3.7.2), but more study is required to validate this hypothesis.
Conjugation of the bipy' ligand and redox label using E D C and N H S was done in the
same manner as the previous experiments. For the experimental coupling of the label to D N A
using P y B O P , however, a molar excess of 10:1 of label to D N A was used, compared to the 1:1
molar ratio used previously. This was done to see if the yield of the conjugated product could be
increased.
1.3.8.1 Polyacrylamide gel electrophoresis ( P A G E )
Another difference between this series of peptide coupling experiments and previous
experiments was the use of P A G E to attempt to isolate bipy'- or label-DNA conjugates from the
c m d e coupling reaction products. Since the bipy'-DNA conjugate would be more massive than
the D N A itself, and the label-DNA conjugate even more massive, it was hoped that the migration
of these conjugates through the gel would be slower than the unconjugated D N A . Then, cutting
out the correct band from the gel, and eluting the D N A from the gel would produce the isolated
desired product.
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A P A G E gel with a high acrylamide content was used, since relatively short D N A strands
were used in the coupling reactions. Higher acrylamide content slows the migration of the
molecules, which gives the molecules more time in the gel, and results in better separation. In
order to determine the correct length of time for the electrophoresis process to get the best
separation between sample contents while avoiding having them running off the end of the gel, a
gel was m n with fractions of the amine-modified D N A injected at different times during the
process. The reference D N A sample was synthesised with the same sequence as the D N A strand
used in the coupling experiments, and was also used as a control sample for the P A G E
separations of the coupling products. From the gel shown in Figure A-l.7 in the Appendix, it was
determined that running the gel for 1.5 hours would allow adequate separation of the products,
while eliminating the possibility of losing the products off the end of the gel. The gel from this
experiment also showed two bands, the lower one corresponding to the D N A strand without the
amine modifier, and the higher one corresponding to the desired amine-modified D N A strand.
1.3.8.2 Electrophoresis of the coupling reaction products
It should be stated that the samples in a gel migrate from the top to the bottom, so smaller
molecules migrate faster, and their bands will appear lower than the bands of larger molecules.
Before the samples were loaded into the gels, they were heated to 55°C with formamide for five
minutes. Also, the gels were prepared with a high urea content. This was done in order to ensure
that the D N A was unstructured during its migration through the gel. The formation of a twodimensional conformation by the D N A would change its overall size, and therefore affect its
migration through the cell. For the migration of the D N A through the gel to be uniform,
denaturing of the D N A was desired.
A P A G E gel imaged under U V light is shown in Figure 1.25. In this gel, a bipy'-DNA
conjugate that was reacted with [Co(bipy)2Cl2]Cl products (lane d), as well as the conjugate
products label-DNA coupled using E D C / N H S and P y B O P (lane b, and c, respectively), were
compared to a control sample of unconjugated amine-modified D N A (lane a). This gel is from an
analytical m n , and samples collected for M S analysis were loaded with a greater concentration of
the samples, in order to elute and desalt a large enough sample to send for analysis. From the
image, three main areas were targeted for analysis. Thefirstwas the band that appeared above
the a m i n e - D N A band in the control lane, which appeared in lanes c and d. Both of the bands
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were collected and sent for mass spectrometry (red rectangle). The second area was the band
below the unmodified D N A band in the control sample, which was present in lanes b, and c
(yellow rectangle). The third area was the lowest band in lane d, which migrated m u c h lower
than any component of the control sample (blue rectangle).
F r o m lanes c and d, the top bands (red
rectangle) were

cut

out, eluted, ethanol

precipitated, quantified and sent for analysis
by mass spectrometry. The molecular weight

bipy-iCH ; <,-OXA
H;\-;CH )<-DNA

of the amine-modified

DNA

strand

was

calculated as being 3191.0 g mol"1, and the
molecular weight of the bipy'-DNA and labelDNA
3429.3

conjugates were calculated as being
g

mol"1

respectively. For

and

3800.6

the P y B O P

g

K cUni>y;:Ci:.r

mol"1,

conjugation

attempt (lane c), the abundant peak was Figure 1.25. P A G E results for bipy'and label
3232.4, which correlated to the amine- conjugation products, containing an amine-modified 10nucleotide D N A control sample (lane a), label-DNA
modified D N A plus an u n k n o w n factor that conjugation with PyBOP product (lane b), label-DNA
conjugation attempt with EDC/NHS (lane c), and bipy'had a mass of 41 g mol"1. This m a y correspond D N A conjugate and [Co(bipy)2Cl2]Cl reaction (lane d).
Bands of interest are also indicated by rectangles and
to an acetyl group. The other major peak identified on the left-hand side (see text for details).
appeared at 3428.9, which corresponded to the bipy'-DNA conjugate. A small peak at 3428.9
was also observed in the mass spectmm for the sample sent from lane d, indicating that this band
contained the bipy'-DNA conjugate. However, the presence of peaks with masses of 3232.4 g
mol"1 also indicated that this method m a y not have been completely efficient at separating the
conjugated and unconjugated D N A in the products from each other. It was still unclear whether
the peak at 3428.9 for the P y B O P coupling sample was due to the decomposition of the label
complex during the conjugation reaction, gel procedures, or decomposition during mass
spectrometry analysis. The peak at 3428.9 in the bipy'-DNA and cobalt bis(bipyridyl) reaction
product m a y have been due to an incomplete or unsuccessful reaction, or decomposition similar
to the label-DNA coupling product.
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The easiest band to identify was the band from the third area. This band, from
observation under natural light, was purple in colour. W h e n the eluted samples were analyzed by
UV-Vis spectroscopy, no absorbance at 2 6 0 n m was observed, indicating that no D N A was
present in the sample. These observations led to the conclusion that this area was unreacted
[Co(bipy)2Cl2] which, despite the unfavourable positive charge was able to migrate through the
gel faster than any nucleic acid. This observation introduced the possibility that the influence of
the label tethered to the D N A m a y m a k e the conjugate migrate faster through the gel.
The bands in the third area in lanes b and c migrated slightly further than the DNA in the
control sample that had not been amine-modified. A collection gel was m n to isolate these two
bands, and they were sent for mass spectrometry. It was hoped that the results would show that
these bands belonged to the label-DNA conjugate, and that they migrated further because of the
influence of the label on the D N A . Unfortunately, the M S spectra of the samples that were sent
only showed peaks that corresponded to unconjugated D N A . The fast migration of the
[Co(bipy)2Cl2]+ molecule was most likely due to its small size compared to the D N A molecules,
despite the fact that its charge was unfavourable for migration.
1.3.9 Summary of peptide coupling reactions and separation techniques
From the mass spectrometric results of multiple conjugation attempts using different
methods and reagents, it can be concluded that the conjugation of bipy' and the redox label
[Co(bipy)2(bipy')](PF6)3 to D N A was partially successful. The conjugation of bipy' to D N A was
possible using E D C and N H S as activating reagents, and was confirmed by mass spectrometry.
The conjugation of the redox label to D N A was partially successful, as mass spectrometry
showed that a bipy'-DNA conjugate resulted from this coupling reaction. A coupling reaction of
the redox label and D N A was attempted with E D C and N H S as activating reagents, with
negative results. A n attempt to react the bipy'-DNA conjugate with [Co(bipy)2Cl2]Cl also gave
negative results, although more work involving reaction conditions would be needed to
determine the feasibility of this approach.
The H P L C results showed that it was not efficient at separating bipy'-DNA conjugates,
as a mass spectrometry peak corresponding to bipy'-DNA was shown in several fractions
collected over a twelve minute time frame during one H P L C m n . P A G E was also used, and was
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able to separate out bipy'-DNA conjugates from the products of different conjugation
experiments. However, this separation was not able to completely isolate the conjugated product
from the unconjugated D N A in the sample.
Although the synthesis of a bipy'-DNA conjugate was confirmed, it was still unclear as
to whether the conjugation of the redox label to D N A was possible. Mass spectrometry results
from m a n y label-DNA conjugation attempts showed the formation of bipy'-DNA, but it is
unclear whether this was the result of reagent degradation during the peptide coupling reaction,
the result of degradation during the H P L C or P A G E separation techniques, or the result of
degradation during mass spectrometry. It m a y also be that a bipy' impurity in the redox label
starting material conjugated to the D N A , and there was no tethering of the label. More study will
be needed to identify the source of these results with certainty.
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1.4

Conclusions
For the proposed electrochemical biosensor to operate successfully according to the

design, the synthesis of a redox-active label complex that had a low redox potential was essential
to avoid the creation of a false-positive response during the sensing of the analyte. For this
reason, a label complex based on [Co(bipy)3]3+ was chosen.
Reactions done to synthesize [Co(bipy)2(bipy')]3+ were attempted under varying
conditions. Synthesis experiments showed that the aqueous synthesis was more successful at
producing the desired complex, however impurities present in the product made it difficult to
characterize the label complex without interference. However, the formation of a small amount
of crystals allowed some N M R , mass spectrometry and UV-Vis absorbance characteristics of the
complex to be observed. Electrochemical measurements of the label complex indicated that it
would be electrochemically suitable for the aptamer-based sensor design.
Coupling of the label complex to DNA was also attempted, and it was found that
although a label-DNA conjugate was not confirmed, the reaction resulted in the coupling of
bipy' to the D N A . It is uncertain as to whether this label complex degradation occurred during
the coupling reaction, the cleaving/deprotecting procedure, or mass spectrometry analysis. More
study will be needed in order to determine the reason for the degradation of the label molecule.
The ligand bipy' was also successfully coupled to D N A on its own, but the outcome of a
subsequent reaction with cobalt bis(bipyridine) to form the full redox label complex tethered to
D N A was not successful, possibly due to the same reasons listed above.
These experiments have indicated that [Co(bipy)2(bipy')]3+ was successfully synthesized
and demonstrated characteristics suitable for use in the design of an aptamer-based biosensor due
to its low redox potential and potential ability to bind to D N A . However more research,
particularly into the process of the coupling of the label complex to D N A , will be required in
order to fully assess the suitability of the compound for use in an electrochemical sensor.
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Chapter 2

Development of an aptamer-basedfiberoptic surface
plasmon resonance sensor

2.1

Introduction

2.1.1

Surface plasmon resonance
Surface plasmon resonance (SPR) is an electromagnetic oscillation that occurs at the

interface of two materials with dielectric constants of opposite signs, an example being a metal
and a dielectric. This phenomenon consists of the excitation of longitudinal oscillations of
electrons in metals at the metal/dielectric interface with the help of light. If a beam of light
passes through a m e d i u m of higher refractive index towards a thin gold film at an angle equal to
or greater than the critical angle, total internal reflection will occur. Under total internal
reflection, w h e n the light's angle of incidence reaches the resonance angle (0) optical energy is
transferred to the surface of the metal and excites a charge density oscillation that can span 100
nanometres above and below the metal surface.1 This effect is k n o w n as the surface plasmon
resonance. T h e S P R condition depends on the incident angle, wavelength of light, and the
dielectric constants of the two layers.
The most popular and commercially available
Surrounding medium

configuration of S P R is the Krestchmann, or prism,
configuration, in which a thin metal film is deposited
directly on the base of a dielectric prism. For use in
biosensing, the gold layer is positioned between the

Figure 2.1. The Krestchmann configuration
21

prism and the sample to be analyzed. T h e popular for exciting SPR waves:

metal choices for S P R biosensors are gold and silver. The use of gold increases sensitivity to
refractive index changes, while using silver results in a better signal-to-noise ratio, however
silver has a lower chemical stability than gold.2 The wavelength or angle at which resonance can
occur depends on the refractive index at the interface of the metal and the sample.2 A change in
composition at the metal/sample interface results in a change of the refractive index and
therefore causes a change in the angle of the S P R , k n o w n as an S P R shift.1 This shift is directly
related to the adsorption of the analyte in the sample to the metal surface.
The label-free sensing capabilities of S P R have predictably resulted in considerable
interest in the field of biosensing. Label-free detection, in which the D N A strand does not need
to be modified with a dye or any other molecule, is desirable for sensors since it makes the
constmction of the sensor simpler and less costly. S P R imaging has been used successfully in the
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detection of D N A - D N A 3 and DNA-protein 4 interactions, and even conformational changes in
immobilized proteins.5 In another study, complementary D N A

was labelled with gold

nanoparticles, which enhanced the S P R signal w h e n the complementary strand was hybridized
with an immobilized D N A aptamer. This configuration was used for the detection of adenosine
using a D N A aptamer.6 With the addition of adenosine, the angle shift in the surface plasmon
was decreased, since the binding of the aptamer to its target prevented the hybridization of the
D N A complement to the aptamer, and therefore the enhancement by the gold nanoparticles was
not observed. These analyses showed that S P R could be used to monitor biomolecular
interactions, and set an encouraging precedent for the detection of targets using aptamers.
2.1.2

Optical fibers

Optical fibers are thin strands of glass or plastic that are designed to transmit light from a
transmitter to a receiver. The typical fiber consists of three regions: the core, the cladding and
coating. The core is in the centre of thefiber,and is the region in which the light is transmitted.
The cladding region surrounds the core region of thefiber,and is designed to reflect light back in
to the core. Thefinalregion is the coating, or buffer, which protects the inner regions of the fiber
from moisture and abrasion, and also strengthens thefiberas a whole.7
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Figure 2.2. Cross section of an optical fiber.
The opticalfiberoperates on the principal of total internal reflection. In thefiber,the core
region has a higher index of refraction than the surrounding cladding region. W h e n light is
passed from a m e d i u m of higher refractive index to lower, the critical angle at which the light
travels parallel to the interface (0 C ) can be calculated from Snell's Law:
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where m represents the m e d i u m with the higher refractive index and n 2 represents the m e d i u m
with the lower refractive index. If the angle of incidence is larger than the critical angle, total
internal reflection can occur.7 Therefore, if the angle of incidence of the light introduced into the
core region of the fiber is larger than the critical angle, the light would be reflected through the
fiber with a low rate of loss. Most fibers are composed of nearly pure silica, and the refractive
indices of the regions can be adjusted using dopants.8 Popular dopants used to increase the
refractive index of silica are G e 0 2 , P 2 0 5 , T i 0 2 and A1 2 0 3 . Dopants used to reduce the refractive
index are B 2 0 3 and F.9
2.1.2.1 Optical fibers in sensing
The development of optical fiber sensors owes much to the physical properties of the
fibers. T h e fact that optical fibers are small, lightweight, inexpensive, durable and i m m u n e to
electromagnetic interference makes them desirable for sensing in m a n y fields.10 Optical fiber
sensors can be divided into two categories: intensity attenuation sensors and interferometric
sensors. In intensity attenuation sensors, environmental variations (such as temperature change)
alter the optical characteristics of the fiber, which in m m changes the intensity of the light
passing through thefiber.In interferometric sensors, the phase of the light passing through the
fiber can be modulated by outside influences, and differences between the modulated phase and
the initial phase can be detected.
2.1.2.2 Surface plasmon resonance sensors using optical fibers
At the metal-dielectric interface, a surface plasmon can be excited when the wavevector
of the light that is parallel to the interface matches that of the surface plasma wave ( S P W ) , and
couples with it.11 Since surface plasma waves cannot be excited by light that is directly incident
at the interface, the light must be passed through a m e d i u m of higher refractive index than that of
the dielectric m e d i u m at the interface in order to enhance its wavevector." This can be done with
the help of a waveguide surrounded by a m e d i u m with a lower refractive index. A s the light
propagates through the waveguide, a small amount of the optical energy propagates through the
surrounding m e d i u m in the form of an evanescent wave. The evanescent wave can be used to
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excite a surface plasma w a v e at the outer or inner surface of the metal film." A n optical fiber,
which transmits light in a core with a higher refractive index than the surrounding cladding
m o d e , is therefore a form of waveguide, and provides the means to excite surface plasma waves
if the fiber is coated with a thin metal layer.

a) b)
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Figure 2.3. The excitation of surface plasma waves by optical waveguides, a) Excitation at the outer surface of the
metal layer, and b) excitation at the inner surface of the metal layer."

In surface plasmon resonance (SPR) sensors, the sensitivity of the propagation constant
of a surface plasma w a v e to changes in refractive index is exploited in order to measure changes
in the refractive index brought about by different factors. A change in the propagation constant
of the S P W results in a change of the characteristics of the light wave that interacts with the
S P W . " There are m a n y ways of detecting changes in the light interacting with the S P W , such as
angular, wavelength, intensity, polarization and phase modulation.

The type of modulation to

be analyzed can be determined before experimentation, and is an important decision in the
design of S P R sensor analyses.
21.2.3 Fiber Bragg gratings and tiltedfiberBragg gratings
Since their introduction by K e n Hill of the Canadian Communication Research Centre in
1978,12 fiber Bragg gratings (FBGs) have drawn considerable attention in both the fiber optic
communications and sensingfields.F B G s are periodic refractive index (Rl) perturbations that
can be imprinted in the core offibers.13In thefieldof sensing, they have become reliable sensors
in the measurement of load, strain, temperature and vibration,14 and provide m a n y advantages
compared to otherfiberoptic sensing methods since they can be directly written into the interior
of the fiber without affecting its external characteristics, and can be produced at low cost. Also,
and perhaps most importantly, the measurements from F B G sensors are based on wavelength,
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which is an absolute measurement and not dependent on a consistent output from the light
source.16
F B G s can be formed in fiber core modes using two intersecting high-powered U V
radiation beams. T h e periodic index differences form partially reflective planes, which can
reflect a set of beams from a broadband light shone through the core mode. The reflected beams
interfere destmctively with each other,15 unless they are the specific Bragg wavelength, A,B, given
by the relationship
XB = 2 n A

(2.2)

where n is the average refractive index of the FBG, and A is the period of the grating. Beams that
satisfy this relationship are reflected by the grating in phase, while some beams that do not
satisfy the relationship pass through the grating.16 From the stated relationship, changes in the
fiber grating can be measured as a shift of the Bragg wavelength, and external forces such as
strain or temperature can be observed using the reflected or transmitted light spectra.
A major form offiberBragg gratings in biosensing is long-period fiber gratings (LPFGs),
which are manufactured with periods between l O O u m to 1 m m , three to four orders of magnitude
longer than traditional grating periods.13 L P F G s allow the coupling of the core m o d e to the
cladding m o d e (see Figure 2.4a), and as a result change the expression of the resonance
condition to
A, = (ncff-corc ^ ncff_cladding)A

(2.3)

where neff.Corc is the average Rl in the core m o d e , and ncff.c,addtng is the Rl of the cladding mode.
The increasedfieldintensity in the cladding m o d e makes iieff-ciadding sensitive to changes of the Rl
in the m e d i u m surrounding thefiber,and changes in the external Rl can affect the wavelength of
the reflected beam. 13 Biomolecular interactions taking place on the external surface of the fiber
can effectively change the surrounding Rl, producing a measurable change in the reflected beam.
17

The sensitivity of L P F G sensors can be improved by etching the cladding material down,

but

despite this L P F G biosensors still do not compete with the detection limits of other forms of
optical biosensors.
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Figure 2.4. Different types offiberBragg gratings used for external Rl monitoring, a) Long-periodfibergratings,
and b) tiltedfibergratings.17

Another type offibergrating that allows the coupling of light from the code m o d e to the
cladding m o d e are tilted fiber Bragg gratings (TFBGs). T F B G s are types of short-period fiber
gratings, with the grating planes slanted with respect to the fiber axis (see Figure 2.4b).18 The
tilts of the fiber gratings allow the coupling of the forward propagating core modes to the
backward propagating cladding modes and the backward propagating core modes. 17 The
resonance wavelength at the /"th cladding m o d e (Alclad) can then be calculated by
,1 _(4f_______ ....

where nlciad is the effective index of the ith cladding mode, nleff is the effective index of the core
m o d e at Alclad, and A and 0 are the period and internal tilt angle of the tilted grating,
respectively.19 T F B G s provide some advantages over other techniques used for external Rl
sensing, such asfiberetching and L P F G s . These advantages include higher sensitivity to changes
in Rl without the need for etching, and lower cross sensitivity to external perturbations such as
temperature and bending.
In this experiment, the evanescent waves formed in the cladding m o d e using T F B G s were
used to excite surface plasma waves in gold-coated optical fibers. T F B G s are used to couple the
core m o d e to several cladding modes, each of which strikes the cladding-metal boundary at a
different angle of incidence (see Figure 2.5a).21 Light shone through the core m o d e of thefiberis
coupled to the cladding modes using the tilted gratings, which then couple to the surface plasma
wave if the correct polarity and periodicity requirements are met. W h e n a cladding m o d e couples
with an S P R , it experiences a loss in intensity compared to the other modes. Figure 2.5b shows a
typical transmission spectmm of a gold-coated T F B G opticalfiber,with the resonances labelled
Xp corresponding to wavelengths that are able to excite the surface plasmon. These wavelengths
experience more loss than the other wavelengths in the spectmm. 21 From equation (2.4), it can be
shown that the effective index of the S P R will have an effect on the resonance wavelengths of
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the perturbed cladding modes. 21 T h e sensitivity of this system to external refractive index
changes was determined to be 454 nm/unit.21
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Figure 2.5. a) The opticalfibersensor setup, showing the excitation of S P R waves withfibermodes from a tilted
F B G , and b) a transmission spectrum of a T F B G opticalfibercoated with 2 0 n m of gold and immersed in a sucrose
solution with nD=1.4378.21

2.1.3 Atomic force microscopy
Since its invention in 1986, the atomic force microscope (AFM) has become arguably
the most versatile piece of equipment in the scanning probe microscope ( S P M ) family, which
generate images based on interactions between a sharp probe and a surface. Characterization of
a surface by A F M is based on the deflection of a laser by a cantilever attached to the tip as it
follows the contours of the surface, which is then detected by a photodiode detector (see Figure
2.6). This setup allows A F M to characterize surfaces in three dimensions accurately on the
nanometre scale, and measure the force between tip and surface in the piconewton scale

25

There are three major elements that work to m a k e the microscope: the tip, the scanning
platform, and the detection mechanism. The A F M tip is a sharp spike that is mounted to the end
of a cantilever, both of which are m a d e from silicon or silicon nitride in order to prevent wear.
The force from the bending of the cantilever (F) as it acts on a surface follows Hookes' Law,

F = -kd
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(2.5)

where k is the force constant of the cantilever (which can also be described as its spring constant)
and d is its displacement. Typically, the cantilever has a low force constant in order to have more
control over the force between the tip and the sample.23
The scanning platform is very important to the AFM setup, since measurements over
such small areas require the accurate placement of the tip over the sample.23 A piezoelectric
ceramic is used for the platform, since potentials applied on the x,y and z axes of the ceramic
result in its expansion and a resulting motion of the sample along the three axes. It has been
9S

found that this m o v e m e n t is capable of sub-nanometre motion,

and that this motion is

reproducible.
T h e detection mechanism consists of a laser and a photodiode detector. The laser is
projected onto the cantilever, which is deflected by the cantilever as it bends while traversing the
surface. The photodiode detector is divided into four quadrants (see Figure 2.6) in order to
monitor the vertical motion of the tip as well as any lateral (twisting) motion.
There are three different modes of scanning
using A F M : non-contact, contact and tapping. In noncontact m o d e , the tip is held above the surface at a
distance of a few nanometres, and is given a small
Cantilever

oscillation. W h e n the distance between the tip and the
surface is reduced by a feature on the surface, the
oscillation of the cantilever is deviated by the van der
Waals force that acts on it. The deviation in oscillation
can then be used to form a m a p of the surface. In

contact m o d e , the tip is brought into contact with the Figure 2.6. Schematic diagram of atomic
force microscopy.

sample and a set force is applied to the sample by the
tip. The tip is then m o v e d over the sample, with the cantilever bending in order to maintain the
force between the tip and the surface. In tapping mode, the tip is given a controlled oscillation
amplitude, and is brought near the surface so that it makes contact with the surface with a
frequency of around 50-500 k H z . Raises and recesses in the surface change the amplitude of the
cantilever's oscillation, and these changes can be used to characterize the features of the surface.
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The use of atomic force microscopy in biological applications has grown considerably in
the last decade. Reviews by Hansma, 2 6 Dufrene,27 and Midler and Dufrene28 describe the use of
A F M to characterize membrane proteins, live cells and D N A deposited on surfaces. Studies
summarized in the reviews were also able to observe interactions between biomolecules, such as
inhibitor binding on proteins, biomolecular changes brought about by environmental changes, as
well as DNA-protein interactions. Aptamer-thrombin interactions have been studied by A F M in
studies by Rinker et al.29 and Liu et al.,

which used A F M to confirm aptamer-thrombin

binding, and by Basnar et al.,31 which used an aptamer-modified A F M tip to probe the force
required to separate the aptamer-protein complex.
2.1.4

Confocal laser scanning microscopy
Confocal laser scanning microscopy ( C L S M or
Photomultiplier

confocal microscopy) is a powerful form of scanning
optical microscopy that allows the collection of sharp,

Confocal detector aperture —

Tfv

well-resolved images from selected levels within thick,
three-dimensional objects.32 A

major advantage that
Illuminating aperture

Dtchroic -: j\ i\\
••

mirror

confocal microscopy provides is the elimination of outPoint source

of-focus blur, which is caused by the bleeding of
photons from above and below the focal plane of the
image and which degrades the quality of the image by
reducing contrast and sharpness.33 This blurring is a

Objective lens

CV

major problem in the imaging of complex and thick
tissues,32 and frozen tissue imaging using conventional

Focal plane —•
Specimen

immunofluorescence microscopy was usually limited to
a m a x i m u m thickness of l O u m to reduce its effects.

By

—

In-focus rays

:.- Out-of-focus rays

using a confocal aperture, light from areas above or

Figure 2.7. Schematic diagram of a

beyond the focal plane of the image are reduced, confocal laser scann.ng microscope.
increasing the signal-to-noise ratio and facilitating the collection of three dimensional images.''
The principle of C L S M is shown in Figure 2.7.35 The laser light used to excite the sample
is shone from the illuminating aperture through an excitation filter (not shown) and is deflected
by the dichroic mirror towards the sample. The light is then focused by the microscope's
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objective lens to a focal point within the specimen. The light emitted by the sample, from the
focal plane as well as the light not in the plane, is then collected by the objective lens and passes
through the dichroic mirror and an emissionfiltertowards the photomultiplier tube detector.
Light emitted from above (represented as

in the figure) and below (represented by

) the in-focus plane are not allowed to pass through the confocal aperture, and as a result are
prevented from reaching the detector. The light detected, as a result, is achieved almost
exclusively from the in-focus plane (represented by a straight line).33 In confocal microscopy a
photodetector, such as a photomultiplier tube, is used to capture a digital image of the sample.
This also provides an advantage over traditional fluorescence microscopy since capturing
microscope images while reducing out-of-focus fluorescence on conventional epifluorescence
microscopes w a s often impossible.36
A major use of confocal fluorescence microscopy has been to image biological samples,
and the imaging of the components of plant32 and animal 37 cells is extensively studied. It has also
been shown that confocal microscopy could be used for other biological and non-biological
purposes. S o m e applications of C L S M include the use of confocal microscopy in a fluorescent
9+

sensor for free C d

^R

in living cells, and monitoring the entry of fluorophore-modified peptides

into cells. C L S M w a s also used to show protein binding to alkanethiols on gold,40 and to study
drying dynamics in porous media.

Since fluorescence microscopy has been used previously in

the analysis of fluorophore-tagged thiols deposited on surfaces,2'43 confocal microscopy is a
good candidate to confirm the attachment of thiolated aptamers to the surface of a gold-plated
fibre.
2.1.4.1 Cyanine3
The

sulfoindocyanine

dye

l-(e-carboxypentynyl)-14-ethyl-3,3,34,34-

tetramethylindocarbocyanine-5,54-disulfonate (Cyanine 3, Cy3) wasfirstsynthesized in 1993
and is n o w used widely in fluorescent biological experiments, either on its o w n or for
fluorescence resonance energy transfer ( F R E T ) experiments with Cy5. The excitation m a x i m u m
wavelength of C y 3 is 550nm, and its emission wavelength is 570nm. The sulfonate groups of
Cy3 m a k e it water soluble,45 giving it an advantage over other water-insoluble dyes. The Nhydroxysuccinimide ( N H S ) group in the structure also allows C y 3 to be bound easily to primary
amines, such as NH 2 -modified D N A

strands. Other advantages of C y 3 are that it is p H
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insensitive and shows less aggregation in labelling conditions,44 and it is stable against
photobleaching, compatible with m a n y green lasers and readily available commercially.46 The
fluorescence intensity of C y 3 has been shown to increase when it was attached to D N A strands,47
making an even more desirable dye to use for biological applications. C y 3 has been used in
experiments to study D N A

structure,48 as well as DNA-protein 49 and protein-protein

interactions.50

o3s

Figure 2.8. Structure of Cy3.

2.1.5

Ellman's reaction
Ellman's reaction was developed in order to quantify the amount of sulfhydryl (-SH)

groups in tissues.51 W h e n 5,5'-dithiobis-(2-nitrobenzoic acid) ( D T N B , Ellman's reagent) is
reacted with a thiol, it is cleaved according to the reaction:

•
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^
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The formation of the product 2-nitro-5-thiobenzoate ( T N B ) results in a yellow colour. Pure
T N B " has a molar extinction coefficient at 4 1 2 n m (S412) of 14100 M " cm" , therefore the
presence of thiol groups can be monitored easily by measuring the absorption at 4 1 2 n m using a
spectrophotometer. The thiol groups can also be quantified, since the molar extinction coefficient
of T N B is known.
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2.1.6

Sensor design

The biosensor design for this project consists of an optical fiber with a tilted fiber Bragg
grating written into its core and a thin layer of gold deposited on the surface of the cladding (see
Figure 2.5a). The gold layer is deposited on the glass fiber, providing the necessary metaldielectric interface required to excite the plasmon waves. It was found that depositing a gold
coating thickness of 20-25 n m by sputtering was the most effective for the sensor.21 At smaller
thicknesses, the plasmon resonance becomes difficult to observe, while larger thicknesses limit
the extension of the resonance into the surrounding medium.
The Bragg gratings in the fibers used for the sensing experiments were tilted at an angle
of 10°, which allows the excitation of S P R in aqueous solutions. A tilt of 10° of the Bragg
grating allows the spectrum of propagating cladding modes to reach a range of lOOnm. This is
useful since the resonances needed to excite S P R in aqueous media occur approximately 7 0 n m
away from the Bragg resonance. The Bragg resonance is the longest wavelength resonance on
the spectmm (see Figure 2.5b), and is used as a reference for the shorter cladding resonance
wavelengths in case of changes of temperature or strain during the experiment. During the
experiments, transmission spectra are measured, and changes in the spectra are directly related to
changes of the S P R due to external Rl changes.
During the experiment, the changes in S P R are expected to be affected by the
biomolecular interaction of an aptamer and its target on the gold-coated opticalfibersurface. The
first requirement is the attachment of the aptamer to the gold-coating on thefiber.This can be
done using a thiol-modified aptamer sequence, as described in Chapter 1, Section 1.1.7.2. The
next step of the procedure would be exposing the immobilized aptamer to a solution of the
aptamer's target. Both steps of the biosensing procedure involve the immobilization of biological
material on the surface of the fiber, which will change the effective refractive index at the
surface and alter the propagation of the surface plasma wave during both steps. B y monitoring
the resonance spectra transmitted through thefiber,changes in the S P R in the surface can be
monitored, and comparisons to the original spectra can be used to confirm the presence of the
analyte. This, in effect, creates a lightweight, portable biomolecular probe that can be used in
aqueous media. The versatility of the probe is also an advantage of this design. The tilt angles of
the Bragg gratings can be changed, so that the probe could be used in media with differing
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refractive indices. For example, tilt angles of 3.5° were used to excite S P R in media that
provided an external Rl of 1.42 to 1.45.21 The versatility of the probe towards different targets is
also an advantage; D N A aptamers have been selected for a variety of targets, as described in
Chapter 1, Section 1.1.1.
In order to ensure that any changes in surface plasmon resonance measured during the
experiments are due to the attachment and binding of the aptamer sequences and targets, physical
characterization methods will also be used. These characterizations will be used to show that the
conditions used in the experiments allow the attachment of the D N A aptamer to the gold-coated
fiber, as well as allow the binding of the thrombin target to the surface-immobilized aptamer.
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2.2

Experimental procedure

2.2.1

Optical fibers

The preparation of the optical fibers and tilted Bragg gratings was done by Yanina
Shevchenko and Albane Laronche in supervisor Jacques Albert's Laboratory for Laser Induced
Photonics Structures, Carleton University, Ottawa. Procedures used for fiber preparation were
learned by communication with the members of the laboratory, as well as Yanina Shevchenko's
Master's thesis53 and Optics Letters journal artcle.21
2.2.1.1 Writing the tilted Bragg gratings in the fibers
The optical fibers used in the experiments were commercially available standard single
m o d e telecommunications fibers (Coming SMF-28). These fibers had a core diameter of 8.2um
and a cladding diameter of 125.0 ± 0.7 um. 54
Prior to writing the Bragg gratings, the fiber was placed in a chamber under hydrogen for
14 days. This allowed the fibers to absorb the hydrogen to increase their photosensitivity, and the
absorption was aided by a pressure of 2500 psi in the chamber. After the 14 days had passed, the
coating of thefiberwas removed and the cladding was rinsed with methanol.
The Bragg gratings were written into the core of thefiberusing a side-writing technique,
in which a single laser b e a m (a KrF excimer laser at 248 n m ) was shone through a phase mask in
order to create an interferometric pattern (see Figure 2.9). The phase mask andfiberwere placed
within 100 u m of each other, and the tilt of the Bragg gratings was created by rotating the phase
mask and fiber with respect to the incident laser beam. From Figure 2.9, it can be seen that the
tilt angle of the Bragg gratings can be changed with the angle at which the phase mask is rotated
relative to the fiber.
After the Bragg gratings were written into the fibers, the gratings were stabilized by
annealing using a heating gun for less than one minute. The fibers were then placed in an oven
set at 120° and left for 12 hours.
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Figure 2.9. Schematic diagram of the side-writing technique.53

2.2.1.2 Gold plating the fibers
The gold coating was deposited on the surface of the fiber using the sputtering method
(employing a Polaron E5100 sputter coater). Sputtering was done at a pressure of 0.1 Torr, with
a high voltage ranging from 2.2 - 2.5 k V and a sputter current from 1 8 - 2 0 m A . The deposition
was conducted in two steps: one side of thefiberwas sputter coated for one minute, and then the
fiber was rotated 180° and the other side of thefiberwas coated for one minute. It was found that
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one minute of coating gave the desired 20 - 25 n m thickness of goal on the fiber.
2.2.2 DNA sequences and proteins
All D N A sequences were ordered from Alpha D N A (Montreal), and were received as
HPLC-purified, lyophilized dry samples. H u m a n a-thrombin was ordered from Haematologic
Technologies Inc. (Vermont, U S A ) , and was received dissolved in a 50:50 solution of glycerine
and water.
The D N A sequence used in the surface plasmon resonance imaging and atomic force
microscopy was 5'-GGT T G G T G T G G T TGG-3', the 15-nucleotide aptamer for thrombin. This
sequence was ordered with a 5'-thiol-C6 modifier, making the overall sequence of the D N A 5'HS-(CH 2 ) 6 -GGT T G G T G T G G T TGG-3'.
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The D N A sequence used for confocal microscopy was the 15-nucleotide aptamer for
thrombin as mentioned above. The aptamer strand possessed the 5'-thiol-C6 modifier, as well as
a Cyanine 3 ( C y 3 ™ ) dye modifier at the 3' end, making the overall sequence 5'-HS-(CH2)6G G T T G G T G T G G T TGG-Cy3-3'.
2.2.2.1 DNA and thrombin solution preparation
Sodium dihydrogen-phosphate (99%), sodium phosphate dibasic (>99%) and magnesium
chloride (-325 mesh) were purchased from Sigma-Alrich (Oakville, O N ) . Sodium hydroxide
was purchased from B D H (through V W R , Mississauga, O N ) .
The DNA buffer solution was prepared with 5mM phosphate (pH 7.0), lOOmM
magnesium chloride (MgCl 2 ) and 5 0 m M sodium chloride (NaCl). The p H of the D N A buffer
was adjusted with an aqueous sodium hydroxide ( N a O H ) solution when needed. The protein
buffer solution was prepared with 5 0 m M tris(hydroxymethyl)aminomethane (Tris, p H 7.4),
l m M MgC12, 140 m M NaCl and 5 m M potassium chloride (KC1). The p H of the protein buffer
was adjusted with a 1 M hydrochloric acid solution when needed. All buffer solutions were
prepared in beakers,filteredthrough a 0.22um cellulose acetate sterilizing filter and stored in
polystyrene containers (Coming 431154filtersystems).
2.2.3 Ellman's test
DTNB

(5,5'-dithio-bis(2-nitrobenzoic acid)) was

purchased

from

Sigma-Aldrich

(Oakville, O N ) .
This test was performed using the thiol-modified D N A sequences. A 3 0 u M solution of
the D N A was prepared using the D N A buffer. This solution was then mixed in equal parts with a
3 0 u M solution of D T N B in D N A buffer solution. The reaction mixture was then left for two
hours.
UV-visible spectroscopy was performed on a Cary 300 Bio system, monitoring the
absorbance at wavelengths between 200 and 800mn. The results were analyzed to compare the
reaction solution before and after the test.
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2.2.4

Surface plasmon resonance (SPR) measurements
S P R experiments were performed in collaboration with Yanina Shevchenko, a Ph.D.

candidate from Dr. Jacques Albert's optics laboratory at Carleton University, Ottawa. During the
experiments, the light source that was used was a J D S Uniphase broadband source and the
detector was an A n d o A Q 6 3 1 7 B optical spectmm analyzer.
For the SPR experiments, one end of the fiber was connected to a white light source,
while the other end was connected to an Optical Spectmm Analyzer. The grating-inscribed area
of the fiber was mounted on a plastic platform which had a section cut out to hold the D N A and
protein solutions (see Figure 2.10). The cut-out section of the platform held approximately
500u.L of solution. During the experiment, the cut-out section of the platform was covered with a
glass slide, in order to prevent the evaporation of the buffer solution. The fibers were fixed to the
platform using a UV-sensitive epoxy to prevent the displacement of the sensor during the
experiments.
Light source

Detector

\/

/V

1

Top view
Glass slide

Optica)
"i

:"

Side view
Figure 2.10. Diagram of the experimental setup, and a top and side view of an opticalfibermounted on the plastic
platform.

2.2.4.1 Thiolated aptamer deposition
After the fiber was fixed in place on the platform, the cut-out section of the platform was
filled with D N A buffer and a resonance spectmm was collected to act as the reference spectmm.
The buffer solution was then removed, and the section was thenfilledwith a 1 5 ^ M solution of
5'-thiol-C6 modified aptamer for thrombin. Transmission spectra were collected automatically
every minute during the entire experiment. D N A deposition times were varied, and are described
in the Results section. After the D N A deposition was complete, the fiber was rinsed with
deionized water several times before the protein solution was added.
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2.2.4.2 Thrombin binding on an aptamer-immobilized fiber
A 30uM solution of thrombin was prepared using human a-thrombin and the protein
buffer that was prepared as described in Section 2.2.21. This solution was used tofillthe cut-out
section of the platform and surround the aptamer-immobilizedfiber.Transmission spectra were
collected at one-minute intervals throughout the experiment.
2.2.5 Confocal microscopy
All confocal microscopy images were collected on a Zeiss L S M 5 1 0 with a PlanAcochromat 63x/1.4 Oil Die objective with LP950filter,with an excitation wavelength of
5 5 0 n m and an emission wavelength of 570nm. All of the samples were mounted on microscope
slides with a solution of 5 0 % glycerol in water, and covered with 1.7tum thick cover slides.
Images were collected with the help of Ann-Fook Yang and Denise Chabot at Agriculture
Canada, Ottawa.
Prior to using the gold-coated optical fibers for any control or D N A

deposition

experiments, the glass tubes and the gold-coated ends of the fibers were rinsed first with
anhydrous ethanol and then the D N A buffer.
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Figure 2.11. Diagram of a gold-plated opticalfiberplaced in C y 3 solution.

2.2.5.1 Control samples
A Cy3-positive control slide was prepared by drying several drops of a solution of Cy3
on a slide, and was imaged as mentioned previously. A Cy3-negative control slide was prepared
by drying several drops of the D N A buffer solution (as prepared in Section 2.2.21) on a slide,
and was imaged as mentioned previously.
Background signal from unwanted Cy3 bound non-specifically to the fiber was observed
by submerging a gold-plated opticalfiberin a glass tube filled with a 1 5 u M solution of Cy3 dye
in D N A buffer (see Figure 2.11) for 20 hours. The fiber was rinsed with D N A buffer prior to
mounting on a microscope slide.
2.2.5.2 Dye-tagged thiolated DNA deposition
The 5'-thiol-C6 and Cy3-3' modified aptamer for thrombin was dissolved in DNA buffer
to make a 45jxM solution. This solution was used tofilla glass tube, in which the gold-plated
opticalfiberwas submerged (see Figure 2.11). Thefiberwas left in the solution for amounts of
time that varied based on the experiment being conducted. Thefiberwas rinsed with D N A buffer
before mounting on the microscope slide.
2.2.6 Atomic force microscopy (AFM)
All A F M images were collected on an Ntegra system using a S F C 0 5 0 L N T F A F M Head
on

an

inverted

microscope

(Olympus

1X71).

The

probes

were

Tap300AI

probes

(budgetsensors.com) and all images were collected using dynamic mode. The silicon probe had a
length of 125Jim, a m e a n width of 30um, and thickness of 4um. The tip's height was 17um, and
its radius was less than lOnm. All samples were collected in air. A F M images were collected
with help from Nur Uddin A h a m a d and Graham Galway from Dr. Anatoli Ianoul's laboratory at
Carleton University, Ottawa.
2.2.6.1 Control sample
A control sample was prepared by immersing a gold-coated opticalfiberin D N A buffer
solution for four hours. It was then rinsed with deionized water and dried in air before imaging.

92

2.2.6.2 Thiolated D N A deposition
The DNA used for this experiment was also the aptamer for thrombin, with a 5'-thiol-C6
modifier. A gold-plated fiber was immersed in a 25 u M solution of the aptamer in D N A buffer
for four hours. Thefiberwas then rinsed with deionized water and dried in air before imaging.
2.2.6.3 Thrombin binding on an aptamer-deposited fiber
A gold-plated fiber was immersed in a 25^iM solution of the thiolated aptamer for a
period of four hours. The fiber was then rinsed with D N A buffer and immersed in a 3 0 u M
solution of a-thrombin in protein buffer for approximately 12 hours. After immersion, the fiber
was rinsed with deionized water and dried in air before imaging.
2.2.6.4 Thrombin on a gold-coatedfibercontrol sample
A gold-plated fiber without aptamer deposition was immersed in a 3 0 u M solution of athrombin for approximately 15 hours. After immersion, thefiberwas rinsed with deionized water
and dried in air before imaging.
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2.3

Results and Discussion

2.3.1

Experiment objectives

The primary objective of this project was to make an optical fiber-based surface plasmon
resonance biosensor, in which the biomolecular interaction of a surface-immobilized aptamer
with its target would result in a measurable response. A s surface plasmon resonance sensors are
sensitive to changes in refractive index, it was important to show that the changes observed in
the surface plasmon were due to the attachment of the aptamer and its target to the surface and
not due to other factors, such as the evaporation of the buffer solution. Evaporation of the buffer
during the experiment would m a k e the salt content of the environment surrounding the fiber
more concentrated, which would affect the propagation of the surface plasmon and create falsepositive changes in the observed spectra.
Therefore, another objective of the project was to prove that the desired biological
interactions were taking place on the gold-plated surface of the fiber. This was done using
microscopic image-based methods, which allowed the observation of the chemisorption of the
aptamer strand onto the surface, and the aptamer-target interactions that occurred w h e n the
thrombin target was introduced. The adsorption of the aptamer onto the surface of thefiber,and
the subsequent binding of the aptamer to its target, m a y create a change in the effective refractive
index surrounding the optical fiber sensor. Correlating a change in plasmon frequency or
amplitude to the physical observation of the aptamer deposition and target binding would
provide evidence of the value of this sensor design.
2.3.2 Ellman's test
Ellman's test is a simple experiment that indicates the presence of thiol (-SH) in a given
sample. The great advantage of this test is that it is very easy to perform, can be confirmed
visually and requires only the preparation of two solutions of equal molarity. Ellman's test was
an important diagnostic test in this experiment, since the thiol group on the aptamer for thrombin
was necessary to ensure that the aptamer could bind to the gold surface of the fiber.
Previous work 5 5 showed that the optimal concentration to use for the solutions of 5,5'dithiobis-(2-nitrobenzoic acid) ( D T N B ) and D N A was 3 0 u M . This concentration gave the most
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accurate visualization of the D T N B

and nitrothiobenzoate (TNB) peaks using UV-Vis

spectrometry, and the colour change also made the presence of thiols observable by simply
looking at the reaction.
A control sample of DTNB was prepared by mixing equal parts of 30uM DTNB solution
in D N A buffer with pure D N A buffer. The Ellman's test samples were prepared by mixing equal
parts of a 3 0 u M D T N B solution with a 3 0 u M solution of the aptamer for thrombin. A successful
Ellman's test, in which it was seen that the D N A in the sample was thiolated, is depicted in
Figure 2.12. The D T N B sample showed an absorbance m a x i m u m at 323nm. Over time during
the test, the formation of T N B was observed by the increasing absorbance peak at 410nm, and
the decrease of the D T N B peak at 323nm. After two hours of reaction, it was observed that the
formation of T N B was slowing, indicating that the D T N B had been almost completely converted
in two hours. The absorbance of the peak at 410nm after two hours corresponds to a T N B
concentration of 2 8 u M , indicating an almost complete formation. The large spike in absorbance
at approximately 300nm was due to the large amount of D N A present in the sample ( D N A
absorbs strongly at 260nm, and the onset of the absorbance is seen at 300nm).
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Figure 2.12 UV-Vis spectrum of 3 0 u M D T N B solution (black) and Ellman's test solution at t - < l m (red)
t = 1 0 min (green), t = 52 min (purple) and t = 120 min (blue). Solutions were prepared in the D N A buffer solution.
The D N A strand used in the Ellman's test was thiolated aptamer for thrombin.
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Oxidation of the thiol groups on the aptamers in solution, which m a y have occurred if the
aptamers were exposed to air, could have resulted in the formation of disulphide bonds, as shown
by the equation56

2(R-S) ^ R-S-S-R + 2H+ + 2e"
This would also result in the inability to cleave D T N B in the Ellman's test, therefore a negative
Ellman's test is characterized by the lack of formation of a T N B absorbance peak at 412nm. The
formation of a disulphide bond from two thiol groups would decrease the ability of the sulphur to
bind to the gold surface on the fiber.
The disulphide bond, if it is formed, can be reduced back to two thiol groups using tris(2carboxyethyl) phosphine hydrochloride (TCEP). This is also a simple process, where an excess
of T C E P in solution can be added to a solution of disulphides to reform the thiol groups. T C E P
can be used to reduce a disulphide to two thiols as shown below:57
(HOOC(CH2)2)3P + RSSR + H20 ^ (HOOC(CH2)2)3P=0 + 2RSH
2.3.3

Confocal microscopy
Since thrombin does not naturally fluoresce, using confocal microscopy to monitor

thrombin-aptamer binding was not possible. However, by modifying D N A strands with a
cyanine-derived fluorescent dye (Cyanine 3, also known as Cy3), the binding of the aptamer to
the surface of thefibercould be easily observed.
C y 3 dye was a convenient dye to use for these experiments. The commercial availability
of the dye allowed the ordering of D N A sequences with the Cy3 dye incorporated at the 3'-end
of the sequence during synthesis, reducing the number of steps needed to prepare the D N A .
A study conducted by Sanborn et al41 reported that thefluorescenceintensity of Cy3
increased approximately 4-fold w h e n C y 3 was attached to the 5'-end of an 18-mer D N A strand
compared to free C y 3 in solution. In the same study, it was found that the m a x i m u m excitation
and emission wavelengths were red-shifted by approximately 4 m n when the dye was bound to
the D N A . These findings both demonstrated that Cy3 dye molecules possess characteristics
desirable for these confocal experiments. A fluorescence intensity increase upon binding to D N A
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creates more distinction between the desirable D N A - b o u n d dye and undesirable non-specifically
bound free dye. A s a result, background fluorescence caused by the non-specific binding of C y 3
to the gold-platedfiberswould have been less apparent in the confocal images than Cy3 attached
to D N A on the surface of thefiber.Also, since D N A - b o u n d C y 3 has excitation and emission
m a x i m a at higher wavelengths than free C y 3 , tuning of the laser and detector on the confocal
microscope would allow for better visualization of the D N A - b o u n d Cy3 compared to free Cy3.
Although the performed experiments differ from Sanborn's study since the dye molecules were
attached to the 3'-end of the D N A strand as opposed to the 5'-end, it is possible that these effects
could be observed for the dye attached at the 3' end.
2.3.31 Preparing microscope slides
The fibers were mounted on the microscope slides using a solution that was 5 0 % glycerol
in deionized water and covered with a cover slip. This was done while thefiberwas still intact
and threaded through the ferrule, after which thefiberwas cut using a razor blade. This method
was used because cutting the fiber before mounting it on the slide resulted in scratches to the
gold-coating since the fiber would slide along the surface it w a s on (slide, lab bench, etc.),
causing damage to the gold coating. Holding or moving the fiber by holding it with fingers or
tongs after it was cut m a y have resulted in damage to the D N A on the gold surface, or the gold
coating itself. A s a result, a different w a y of ensuring that thefiberdid not m o v e after being cut
was needed. Mounting the fiber before cutting it proved to be an effective solution to the
problem.
Research by Sanborn et al41 showed
that free C y 3 in pure glycerol had a quantum
yield approximately nine times higher than free
Cy3 in a Tris buffer solution. The reason given
for this is that the viscosity of the glycerol
prevents the formation of a photoisomer (the cis pi g u r e 2.13. The molecular rotation for cyanine
isomerization.47 Rotation from the /raws-isomer to the

form of the C y 3 molecule), which rs formed

C7i..isomercauses a

reduction in the observed

w h e n light is absorbed by the dye molecule, fluorescence.
This photoisomer competes with the fluorescence of the dye, and as a result the observed overall
fluorescence is diminished. Although this w a s not tested with D N A - b o u n d Cy3, the results
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discussed in Sanborn's paper indicate that mounting the fiber in a glycerol solution m a y have
helped the imaging by reducing photoisomerization and increasing thefluorescentyield of the
dye.
2.3.3.2 Positive and negative Cy3 samples
Cy3-positive and Cy3-negative solution samples were prepared by depositing several
drops of a 3 0 u M solution of C y 3 in D N A buffer and several drops of D N A buffer on a slide,
respectively. The slides were then dried overnight, and prepared for microscopy as described in
Section 2.2.5.1.
The Cy3-positive sample was used to ensure that Cy3 fluorescence could be seen using
the microscope at the given excitation and emission wavelengths. A s shown in Figure 2.14, the
dye was clearly visible using a 63x-magnified objective lens. N o images of the dye were taken
with an objective lens with a lower magnification.

Figure 2.14. Confocal microscope image of Cy3 solution deposited on a slide. Excitation 550nm, emission 570nm,
1 0 % laser strength, detector pinhole width 23um, 63x magnification.

The Cy3-negative sample was prepared to show that nofluorescencein the images would
be due to a component present in the D N A buffer solution. The images were taken with the same
laser and detector settings as the single-strand D N A trials (see Section 2.3.3.4). A s seen in Figure
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A-2.1 in the Appendix, no fluorescence can be observed at these detector settings. Therefore, no
fluorescence in any images was the result of the buffer that was used to make the solutions.
2.3.3.3 Background fluorescence from the C y 3 dye
To see whether any fluorescence seen in the images may have come from free Cy3 dye in
solution binding non-specifically to the gold plating, afiberwas submerged in a solution of C y 3
dye dissolved in D N A buffer for 20 hours. This was the same length of time that the fiber was
submerged in the Cy3-tagged D N A

solutions for the deposition experiments. Confocal

microscope images were then obtained with the same laser and detector settings used in the
single-stranded D N A trials. From Figure A-2.2 in the Appendix, it was observed that no
fluorescence could be seen at the settings used for the D N A experiments. W h e n the power of the
laser w a s increased to a setting approximately eight times higher than the original level, a faint
fluorescence could be seen, as shown in Figure A-2.2b.
From Figure A-2.2b, it can be seen that there was an interaction between the gold on the
fiber and the dye. T o m a k e the dye more water-soluble, two sulphite (SO32") groups were
CO

functionalized onto the dye structure. These groups are classified as borderline bases, and as a
result can interact with gold, a soft acid. The resulting interaction resulted in a faint background
glow, as well as the appearance of some clusters. However, this fluorescence was not seen with
the same laser intensity and detector pinhole size as were used to see fluorescence with the
single-stranded D N A experiments (see below). This shows that the background fluorescence
caused by the interaction between the gold-coating and unreacted C y 3 dye does not influence the
observed fluorescence in the aptamer adsorption experiments. Also, since the non-specific
adsorption of the dye to the gold surface m a y have been based on a borderline base/soft acid
interaction, the interaction m a y have been replaced by the favoured gold-thiol bond during the
deposition of the aptamer. This suggests that the fluorescence seen in the single-stranded
attachment images c a m e from the dye-tagged D N A attaching to the gold-plated surface.
2.3.3.4 Dye-tagged DNA attachment
In this experiment, the D N A aptamer was attached to a gold-plated opticalfiberusing the
gold-thiol reaction, as described in Chapter 1, Section 11.7.2. The formation of thiolated selfassembled monolayers ( S A M s ) on gold surfaces has been useful in the development of
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electrochemical and SPR-based biosensors.59 The reaction progresses as a two-step process, with
the thiolated D N A adsorbing quickly to the gold surface, and rearranging on the surface over
time. This mechanism would result in the observation of some aptamers being bound quickly to
the surface, with more aptamers attaching to the surface the longer that thefiberwas left in the
D N A solution.

Figure 2.15. Confocal microscope images of an opticalfiberimmersed in a 45 u M Cy3- and thiol-modified D N A
solution for 20 hours, a) Excitation 550nm, emission 570nm, 1 1 % laser strength, detector pinhole width 55um, 63X
magnification; b) A zoom-in of 2.15a, the area of which is marked by a white box in a).

F r o m Figure 2.15, it can be seen that fluorescence from the C y 3 dye was observed. It
should be noted that the confocal microscope only takes images at a certain focal depth, meaning
that the fluorescence seen is only from the dye present at the depth of the picture. It should also
be noted that the images in Figure 2.15 do not show the entirefiber,although the contours of the
fluorescence give the appearance of the sides of thefiber.Figure 2.16 is a schematic diagram of
the plane of the confocal microscope image with respect to the opticalfiber.The figure shows
that at a particular image depth, the surface of thefibercould only be seen as two columns. This
was the result of imaging a curved surface with a horizontal image plane. A s the depth of the
image increased, the distance between thefluorescentcolumns in the image became wider.
The results of this experiment, with consideration to the control experiments discussed in
Sections 2.3.2.2 and 2.3.2.3, indicated that the fluorescence seen in Figure 2.15 was the result of
the dye-tagged thiolated aptamer sequence binding to the gold surface of thefiber.The strength
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of the chemisorptive bond between the thiol and the gold surface is somewhat strong (40-45 kcal
mol ), and the gold-thiol bond was strong enough to withstand post-deposition rinsing with
water. The free dye, however, was rinsed off with washings, if it had been bound to the surface at
all. F r o m the zoomed-in Figure 2.15b, it was observed that the individualfluorescencefeatures
were approximately 0.5 to l u m in diameter. This m a y have been the radius of the fluorescence
emission of one dye molecule on an immobilized aptamer strand. Another possibility is that the
large fluorescence features were caused by the aggregation of the aptamers on the surface of the
fiber, since from the images it appeared as though some of the fluorescence features were from
m a n y sources grouped together, and not single sources spread evenly over the surface of the
fiber. F r o m magnification of the fluorescence features of Figure 2.14, it appeared as though
single features were about the same size. Nevertheless, these images provide evidence for the
binding of the thiolated aptamer strands to the gold-platedfibersurface.

cover slide

s^7

\

J

plane of the image

Figure 2.16. Diagram of the confocal image plane with respect to the opticalfiberand cover slide.

This result was essential to the overall concept of the aptamer-based biosensor. The
biosensor is based on the specific binding of surface-immobilized aptamer sequences with their
targets. A n aptamer sequence not bound or non-specifically bound to thefiberwould not affect
the surface plasmon resonance upon binding with the target, since this would not change the
density of biological matter on the surface of thefiber.The fact that the signal remained after
washing suggested that the bond between the dye-labelled D N A and the gold surface was
stronger than a non-specific binding interaction, and was due to the covalent binding of the
aptamer to the fiber.
To observe the extent of DNA attachment in a time frame more analogous to the plasmon
measurement experiments that were being conducted (see Section 2.3.5), confocal microscopy
images were collected after a gold-plated opticalfiberwas immersed in the same D N A solution
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for 3.25 hours instead of 20, and rinsed with D N A

buffer as was done in the previous

experiments.

Figure 2.17. Confocal microscope images of an opticalfiberimmersed in a 4 5 u M Cy3- and thiol-modified D N A
solution for 3.25 hours, a) Excitation 550nm, emission 570nm, 1 1 % laser strength, detector pinhole width 55um,
63X magnification; b) A zoom-in of 2.17a, the area of which is marked by a white box; c) Excitation 550nm,
emission 570nm, 1 1 % laser strength, detector pinhole width 55um, 20X magnification.

The images in Figure 217 were captured with the same laser and detector settings as the
other deposition experiments. As shown by the images, the dye-tagged DNA was bound to the
gold surface, even with the shorter deposition time. This was expected, as the first step of the

binding of the thiol groups to the gold surface progresses quickly.60 The size of the fluorescenc
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features was similar to those seen in Figure 2.16, with single features (see Figure 216b) being
approximately 0.5 to l u m in size. It was noticed, however, that the intensity of the fluorescence
seen in the images was not as strong compared to the images of thefiberthat had been immersed
in the D N A solution for 20 hours. This suggests that less D N A was bound to the surface of the
fiber during the shorter deposition time.
The lower concentration of DNA on the surface of the fiber may possibly be due to initial
non-specific binding of the D N A to the surface of the fiber hindering the formation of the
covalent gold-thiol bond. Non-specific binding between the D N A and the surface of the fiber
would result in the "laying d o w n " of the D N A on the surface. These interactions can be replaced
by the stronger covalent binding of the thiol group of the D N A over time, and times of around 12
to 36 hours are typical in order to form an ordered layer on the gold surface.60 The M g 2 + ions in
the D N A buffer solution were included to allow the aptamers to form a more ordered, denser
layer on the gold surface by neutralizing the negative charges of the D N A backbone, and
decreasing the repulsion between D N A strands. A higher aptamer concentration on the surface of
thefiberm a y increase the sensitivity of the biosensor, although more study would be required to
test this hypothesis. Also, work to discover the relationship between deposition time and aptamer
density on the surface m a y prove to be useful, and determine the optimal surface density of
aptamers on the surface for use in the biosensor.
2.3.4 Atomic force microscopy
Atomic force microscopy ( A F M ) is a powerful physical technique, and can be used to
detect nanometre-sized features of m a n y types of samples on m a n y types of surfaces. With this
in mind, A F M was chosen in order to show that the aptamer for thrombin was attaching to the
gold surface of the fiber, and that aptamer-protein binding was taking place on the surface.
Thrombin-aptamer binding on mica has also been studied using A F M , and in both cases
individual thrombin proteins were observed.
2.3.4.1 Gold-plated fiber
For comparison purposes, a gold-plated fiber was placed in D N A buffer for four hours
and analyzed using A F M . The results obtained are shown in Figure 2.18.
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Figure 2.18. a) Atomic force microscope image of a gold-plated opticalfiber,b) A cross-section of the same goldplated optical fiber.

Results of this experiment showed a flat surface with an average roughness of the surface
of 2.5nm. This roughness m a y have been due to inconsistencies in the surface caused by the
sputtering technique used to layer the gold on the opticalfiber.It has been shown that using the
sputtering technique to form a gold coating in air at a pressure of 0.0003 bar resulted in the
formation of islands, which coarsened with layer thickness.63 The cross-section of the image,
shown in Figure 2.18b, showed that there w a s an oscillation of the height of the cantilever of
about 4 n m to 6 n m . It is possible that the larger features seen in the image were from salt or dust
that w a s collected on the surface of the gold before the images were taken. It is also possible that
the oscillation w a s due to the upward and d o w n w a r d motion of the fiber w h e n it was contacted
by the tip. This m a y have happened if the fiber w a s not fastened d o w n properly on the glass slide
before analysis.
2.3.4.2 Aptamers deposited on the gold surface
Since the aptamer for thrombin consists of 15 nucleotides, its length was estimated to be
approximately 5 n m . This, hypothetically, m a d e it possible for the presence of the aptamer on the
gold surface of the fiber to be detected using A F M . T h e gold-plated fiber was left in a 25 u M
solution of the aptamer for thrombin for four hours before imaging. T h e fiber w a s rinsed with
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deionized water after deposition to help remove any aptamer that was bound non-specifically to
thefiber.F r o m Figure 2 1 9 , the topography of the DNA-depositedfiberwas similar to that of the
bare gold-coatedfiber.The surface was found to be mostlyflat,with features ranging from lOnm
to 4 0 n m in height. F r o m the cross-section, it was observed that the background fluctuations were
slightly less than the barefibersample, withfluctuationsin the surface of about 2 n m to 3nm.

Figure 2.19. a) Atomic force microscope image of thiolated aptamer for thrombin deposited on a gold-plated optical
fiber, b) A cross-section of the image.

F r o m the images, there did not appear to be any sections that would indicate the presence
of D N A on the surface. This m a y have been the result of the aptamer strands layingflaton the
gold surface during imaging, either through interaction of the D N A with the gold surface or from
the influence of the A F M tip. The D N A m a y be more likely to stand out from the surface if
hydrated, or influenced by surrounding D N A strands, if there was a high concentration of
covalently-bound aptamers in a certain area. Depending on the resolution of the A F M , this
arrangement of aptamers m a y have appeared as a wide feature raised 5 n m above the surface, or
as a series of 5nm-tall peaks. A s seen in the cross-section, small features with heights of
approximately 5 n m can be seen. These features m a y have been the result of a group of attached
D N A segments. However, since features this size were also observed in the bare gold surface it
was difficult to state with certainty that these features were due to D N A deposition. The
similarity of the two surfaces m a y also be the result of the aptamers not being bound to the gold
surface of thefiber,although this is not likely since the confocal microscopy results showed that
the thiolated aptamer for thrombin was able to bind to the gold after three hours (see Section
2.3.3.4).
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O n e difference that was observed between the bare gold and aptamer-deposited samples
was the average roughness, which was 2.5nm and 2.0nm respectively. This 2 0 % difference m a y
have been due to the binding of the aptamer to the gold, as a surface with an ordered layer of
bound D N A

m a y be less rough compared to a gold surface. However, the difference in

roughness of about 0.5nm m a y be too small to be conclusive. More study would be required in
order to find a clear relation between D N A deposition and the unevenness of a surface.
The absence of distinctive 5nm peaks in the AFM image of the aptamer-deposited sample
m a y have also been the result of the G-tetrad formed by the aptamer for thrombin. The G-tetrad,
which would have shortened the height of the aptamer, can be formed in the presence of sodium
ions, which were present in the D N A buffer.64 The formation of G-tetrads would make a group
of deposited aptamer strands appear to be a slightly raised surface. Considering the inconsistency
of the surface seen in the A F M image of the bare gold surface, it would have been difficult to
distinguish a raised area of the gold surface from a group of bound aptamers.
2.3.4.3 Aptamer-thrombin interaction
T o see if the aptamer-thrombin interaction could be imaged on the gold-coatedfiber,a
fiber was immersed in a 3 0 u M solution of thrombin in protein buffer for approximately 12 hours.
The fiber was then rinsed in deionized water prior to imaging to remove the non-specifically
bound proteins.
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Figure 2.20. a) A n atomic force microscope image of thrombin bound to its thiolated aptamer on a gold-plated
opticalfiber,b) A cross section of a section of the image.
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F r o m Figure 2.20, features can be seen on the gold surface, which are clearly
distinguished from the baseline oscillation. The heights of these features ranged from 4 n m to
approximately lOOnm. The size of the thrombin protein is 4.1 n m by 4 1 mn, 2 9 therefore the
features created by a single thrombin protein bound to a single aptamer would be slightly taller
than four nanometres, and approximately four nanometres wide. S o m e features that were
observed (refer to the left side of Figure 2.20b) were a size that indicated the presence of an
aptamer-bound protein, but m a n y features were larger than expected. O n e reason for this m a y be
the accumulation of dust or salt on the surface of the fiber.
Another explanation for this result may be the binding of the thrombin proteins to an
aggregate of aptamers on the surface. From the confocal microscope images taken in Section
2.3.3, it appeared as though some of the fluorescence seen in the images was due to an
accumulation of dye-tagged aptamers in one spot. This was observed particularly for the images
in which the aptamers were left in the aptamer solution for a shorter period of time, and was
possibly due to the fact that not enough time was given for the aptamers to form an ordered layer
on the surface. It m a y have also been due to inconsistencies of the gold layer from the sputtering
process, resulting in increased binding of the aptamers in certain regions, and no aptamer binding
in other regions. If this was also the case for the deposition of the aptamers and subsequent
binding to thrombin during the A F M experiments, the result m a y have been m a n y individual
thrombin proteins agglomerating in a small area, causing the large features seen in the A F M
images. It is not understood, however, if an agglomerate of aptamers on the surface would be
able to bind to their targets, or if they would detach from the agglomerate after binding to the
target. A study in which the aptamers are deposited for a longer period of time before the
thrombin is added m a y provide insight into w h y the large features were present in this sample.
2.3.4.4 Non-specific interactions of thrombin with a gold-plated fiber
In order to ensure that the features seen on the aptamer-modified fiber exposed to a
solution of thrombin (see Figure 2.20) were not from the non-specific deposition of thrombin on
the gold surface, a gold-plated fiber was placed in a thrombin solution for a period of time, and
then the surface w a s analyzed by A F M . The image is shown in Figure 2.21.
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Figure 2.21. a) A n atomic force microscope image of thrombin exposed to a gold-plated opticalfiber,b) A cross
section of a segment of the same fiber.

F r o m the image, it was observed that the features present in the aptamer-thrombin sample
were not present in the control sample. From the cross section of the A F M image (Figure 2.21b),
the few features that were observed were not m u c h larger than the noise, and m a y have been
from the sample being dirty. The features m a y have also been due to the roughness of the gold
surface.
2.3.5

Surface plasmon resonance
M a n y different methods were used to position the fiber during the S P R measurements.

Thefirstmethod w a s inserting thefiberinto a long glass tube, which was filled with the buffer or
D N A or thrombin solution (similar to the setup in Figure 2.11). This method was advantageous,
since the sample size could be limited to approximately 200uL and there was no problem with
the evaporation of the solution. However, allowing thefiberto be free in the solution affected the
curvature of thefiber,especially w h e n thefiberhad to be removed to switch the solutions, which
m a d e the referencing of the signals more difficult. Therefore, both of the ends of the fibers had to
be fixed onto a platform, and initially this was done by laying thefiberon a slide and covering
the gold-plated portion of the fiber with the solution. However, the evaporation of the solution
occurred fairly quickly with this setup. The refractive index change caused by the evaporation of
the solution m a d e it difficult to tell if the shift in the surface plasmon resonance was due to the
binding of the aptamer to the surface, or simply due to the increase in salt concentration. The
final design of the sensing platform, shown in Figure 2.10, allowed both ends of thefiberto be
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fixed in place, and also prevented the evaporation of the solution. However, a downside of the
design w a s that it required larger samples to be used during the analyses.
2.3.5.1 Aptamers deposited on the gold surface
As a reference sample, the fiber was immersed in the DNA buffer solution, and
measurements were taken over time. In order to match the refractive index of the buffer solution
with a buffer solution with D N A dissolved in it (the D N A dissolved in the solution increased its
refractive index), sodium chloride w a s added until the desired refractive index was reached.
During the experiment, the change in amplitude of the cladding resonance at 1536.6nm was
measured, as it w a s one of the wavelengths contained in the envelope of the surface plasmon.
With the fiber in the buffer solution, no change in the amplitude of the resonance was observed,
which indicated that no change in refractive index around the fiber was occurring (TG89 in
Figure 2.22). This also indicated that no evaporation of the sample was occurring.
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Figure 2.22 Relative amplitude intensities of the cladding resonance measured at a single wavelength for goldplated optical fibers in the D N A buffer solution (green line) or a 1 5 u M solution of thiol-modified aptamer for
thrombin (other lines).

With the addition of the thiolated DNA, however, an increase in the resonance at the
observed wavelength of approximately 4 % was observed (all other curves in Figure 2.22). The
amplitude readings taken during the experiment were compared to the amplitude of the
resonance at the same wavelength in the buffer solution, giving the relative amplitude value that
was plotted. T h e increase in resonance was the result of a change in the refractive index on the
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fiber surface due to the attachment of the D N A to the surface, and the responsive shift in the
resonance characteristics of the surface plasmon. The increase in amplitude occurred for the first
seven minutes, which suggested that most of the attachment of the thiolated aptamer to the
surface occurred within thefirstten minutes. This was consistent with the reported observations
of the attachment of thiolated molecules to a gold surface.60 The amplitude of the resonance did
not change considerably over the next 90 minutes, indicating that the amount of D N A on the
surface of thefiberdid not change during this time. There was a slight increase in the amplitude,
though, which m a y have been due to completion of the slower process of the formation of a
denser and more ordered thiolated D N A layer on thefiber.The response of T G 8 4 during the
deposition of the aptamer continued to increase, even after the time taken for the responses of the
other fibers to plateau had passed. This m a y have been due to the evaporation of some of the
D N A solution, which would have increased the concentration of salts and D N A , and increased
the refractive index of the solution.
For the graphing of the relative responses, the wavelengths which gave the largest
changes in amplitude were chosen and plotted. This m a y have been due to the difference in the
gratings for each fiber, or the environments in which the readings took place. For sensing
purposes, this would m a k e the sensor more complicated, since instead of needing to monitor only
one wavelength the whole light spectmm would need to be monitored. This m a y also be
advantageous, since samples prepared in different solution environments could be analyzed and
give amplitude responses that are reproducible and concentration-dependent. This would make
the preparation of working samples more straightforward, since they would not have to be
adjusted to the correct refractive index before analysis. More study will be required to examine
the concentration dependence of the response and verify the validity of this hypothesis.
Although the step in which the aptamer was immobilized on thefibersurface would not
be performed during practical use of the sensor, it was encouraging that a measurable response
was observed for the deposition of the aptamer.
2.3.5.2 Aptamer-thrombin interaction
O f the four fibers tested in the experiments listed above, two fibers were used to test
whether the binding of thrombin to its aptamer on the surface of thefibercould also be observed
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by monitoring the transmission spectmm. The relative increase in amplitude at a particular
wavelength over time is shown in Figure 2.23. It was observed that onefiber(TG90) had a signal
increase of approximately 7 % after two hours, while the otherfiber(TG94) showed an increase
of 5 % after 90 minutes of exposure to the thrombin target. The amplitude values were still
increasing at the time the experiment was stopped, the reason for which was not discovered. A
possibility for the increase m a y be the evaporation of the buffer solution during the deposition.
Readings over a longer period of time would have provided a better idea of the increase that
could be shown by the binding of the aptamer to its target. The greater response from the
thrombin binding m a y have been due to the greater size of thrombin ( M W = 36700 g m o f 1 )
compared to its aptamer (4726 g mol"1).
The different responses in amplitude observed between the two fibers may have been due
to differences in the density of the aptamer layers on the gold surfaces of the fibers that were
used. A higher concentration of aptamers immobilized on the fiber surface would allow more
binding of the thrombin target, which would contribute to a greater change in the effective
refractive index around thefiber,and provide a better response. T o confirm this, a study of the
effect of aptamer deposition time on the observed amplitude change when thrombin is introduced
m a y be helpful.
1.08

r

: :""

— ' — protein: TG94
1 0 — • — protein: TG90

r

~^*,

»
0)

•-*

\1
E 1.05

— ;"/- —

CD
JZ

/.

t, 1.04
c
CB
iZ

|

103

"re

-. ;

,-i/ir

/v

,

......jI

<D

1 02

,

r

i

i
20

i

i

50
60
Time, m m

70

i
30

40

I

i
80

90

100

Figure 2.23. Relative amplitude intensities of the cladding resonance measured at a single wavelength for two
different aptamer-modified optical fibers in a 3 0 u M solution of thrombin.
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T h e thrombin concentration used for detection in these experiments was fairly high, in
order to ensure that the binding of the aptamer to thrombin was observed. The concentrations
used were approximately 1000 times larger than other studies in which thrombin-aptamer
interactions were monitored using surface plasmon resonance.65'66 Future experiments will be
required to test thrombin concentrations in the nanomolar range, in order to examine the
detection abilities of the sensor against other reported sensors.
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2.4

Conclusions
The experiments described above showed that the designed T F B G surface plasmon

resonance sensor was able to detect the presence of thrombin in solution via the binding of the
thrombin to a surface-immobilized aptamer. The detection was possible due to the change in the
effective refractive index around thefiberthat w a s caused by the accumulation of the thrombin
at the surface of the fiber during the binding process. The immobilization of the D N A aptamers
also provided a measurable signal, showing that the sensor m a y be adequately sensitive to detect
small molecules as well as larger molecules.
In order to show that the SPR responses were due to the attachment of the aptamer to the
surface and the subsequent binding of thrombin to the surface-immobilisedfiber,microscopy
techniques were used to show that the binding of the aptamer and thrombin-aptamer interactions
occurred under the same conditions of the experiments. Confocal microscopy was used to
observe the binding of a dye-tagged, thiol-modified aptamer for thrombin to gold-plated optical
fibers after three hours of immersion in a solution of the D N A . Atomic force microscopy showed
features that m a y have corresponded to thrombin bound at the surface of an aptamer-modified
opticalfiber,although more study would be required to confirm this.
This study described the beginning of a project to develop a sensitive, label-free, compact
sensor that m a y be modified to be used in the detection of a number of targets. More study will
be necessary to show the sensor's sensitivity and full analytical abilities (limits of detection,
detection ranges), but preliminary testing showed considerable promise for this design as a viable
sensing platform.
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APPENDIX

Figure A 1.1. H N M R spectrum (300 M H z , CDC1 3 ) and peak assignments of a mixture of 4-[3-(l,3-dioxolan-2yl)propyl]-4'-methyl-2,2'-bipyridine and 4,4'-[3-(l,3-dioxolan-2-yl)propyl]-2,2'-bipyridine, as discussed in Section
1.3.2.1.
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Figure A-l.2. 'H N M R spectrum (300 M H z , CDC1 3 ) of impurites extracted from a basic solution prior to acification
eand extraction of bipy', as discussed in Section 1.3.2.3.
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Figure A-l .4. 'H N M R C O S Y spectrum (300 M H z , D 2 0 ) of [Co(bipy)2Cl2]Cl, as discussed in Section 1.3.3.
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Figure A-l.5.1. Deconvoluted mass spectrum of an H P L C fraction (retention time = 9min) from a bipy'-DNA
coupling reaction with P y B O P , as discussed in Section 1.3.7.2.

Figure A-l.5.2. Deconvoluted mass spectrum of an H P L C fraction (retention time = 1 lmin) from a bipy'-DNA
coupling reaction with P y B O P , as discussed in Section 1.3.7.2.
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Figure A-l.6.1. Deconvoluted mass spectrum of an H P L C fraction (retention time = 5.5min) from a
[Co(bipy)2(bipy')](PF6)3-DNA coupling reaction with P y B O P , as discussed in Section 1.3.7.2.

Figure A-l.6.2. Deconvoluted mass spectrum of an H P L C fraction (retention time = 9min) from a
[Co(bipy)2(bipy')](PF6)3-DNA coupling reaction with P y B O P , as discussed in Section 1.3.7.2.

122

Figure A-l.6.3. Deconvoluted mass spectrum of an H P L C fraction (retention time = 17min) from a
[Co(bipy)2(bipy')](PF6)3-DNA coupling reaction with P y B O P , as discussed in Section 1.3.7.2.

Figure A-l.7 P A G E results for the amine-modified 10-mer D N A strand (see Section 1.2.6.5). Bands were created
by the migration of the D N A for a) 2.5 hours, b) 2 hours, c) 1.5 hours, d) 1 hour, and e) 30 minutes.
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Figure A-2.1. Confocal microscope image of D N A buffer deposited on a slide. Excitation 550nm, emission 570nm,
1 1 % laser strength, detector pinhole width 55um, 63X magnification.

Figure A-2.2. Confocal microscope images of opticalfibersimmersed in a 3 0 u M Cy3 solution for 20 hours.
a) Excitation 550nm, emission 570nm, 1 1 % laser strength, detector pinhole width 55um, 63X magnification;
b) Excitation 550nm, emission 570nm, 8 0 % laser strength, detector pinhole width 55um, 63X magnification.
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