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Abstract

Both caffeine and theophylline are biologically important molecules, whose detection has
become an area of interest. Because of their prevalence (caffeine consumption and
theophylline in therapeutics) determining a quick, simple, and reliable way to detect these

molecules has become a relevant problem.

With this in mind, two different biosensors were designed and tested. The first such
sensor is an AuNP-based sensing method that was based on a previously reported mechanism.
Unfortunately, previous reports failed to study and discuss how small molecule targets may be
interacting with the AuNPs. With this, the goal of these experiments was to determine whether
such an interaction existed and whether it affected the validity of the sensor. Using caffeine and
its derivatives, we found that concentrations of caffeine and theophylline as low as 6.25uM
were able to provide protection against salt-induced aggregation. As well, concentrations of
derivatives, such as xanthine, were able to induce aggregation of AuNPs at concentrations as
low as 5uM. The results of these experiments confirmed that the interaction between AuNPs
and target must be considered before using the mechanism as it has been previously reported;
if such an interaction exists and is the dominant interaction in this sample, this sensing method

cannot be used.

The GO-based sensor was designed by taking into consideration the fact that the
adsorption of a fluorescently labelled aptamer onto GO will cause quenching of said fluorescent
label. This sensor, when only GO and aptamer are present, is meant to have low fluorescence;
once target has been added, it is intended that the aptamer preferentially interact with its

target instead of GO. The dissociation of the aptamer from GO will result in an increase in



fluorescence, as the fluorophore will no longer be quenched. Studies using this method showed
that although the method was successfully designed, as proven using a DNA and its cDNA as the
probe and target, respectively, when assayed with the caffeine and theophylline aptamers, we
found that the sensor was prone to nonspecific dissociation. Specifically, caffeine induced a
greater fluorescence increase than theophylline when assayed with the aptamer specific to
theophylline (3.27x the baseline for caffeine versus 2.9x for theophylline). To try to mitigate
this, BSA was studied as a blocker, but was unsuccessful — it increased sensitivity while
simultaneously decreasing selectivity of the sensor. Thus, the sensing method has the potential

to be useful if an alternate blocking method is determined to be functional.
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Chapter 1 - Introduction

Biosensors
Biosensors “are devices which combine a biological component to detect an analyte and

a physicochemical component to produce a signal which is measurable”.! According to this
definition, in a biosensor that couples aptamers with nanomaterials, the aptamer acts as the
biological component, which serves to detect the target of interest, and the nanomaterials act

as the physicochemical component, which serves to produce a signal that is measurable.

Aptamers are an excellent choice as the biological component of a biosensor because
there already exists a wide array of aptamer sequences, which can bind tightly and specifically
to a variety of targets.?? Additionally, the selection of new aptamer sequences for binding new
targets is relatively straightforward. The selectivity of aptamers is desirable, as it reduces the
likelihood of a false-positive result from any alternate targets that may come into contact with
the sensor. Additionally, if a sample being assayed is not pure, but the detector portion of the
sensor is specific to a singular target, this has the potential help reduce the likelihood of a false

result from contaminants in a sample.>3

Sensitivity of the biosensor is another important quality; the more sensitive a sensor is,
the lower the limit of detection for its target. This is something that would be especially
important in sensor applications like water remediation, for detecting contamination, or in

pharmaceuticals, for detecting a given target in a patient-provided sample.??

The nanomaterial used in the sensor will serve as the signal transduction portion of the

biosensor. For example, in a gold nanoparticle-based sensor, there will be a visual colour



change, which can be directly correlated to a change in the absorbance spectrum of a sample.*”’

Similarly, graphene oxide acts as a fluorescence quencher; when target is present, the
fluorescence signal is meant to increase, in a way that is proportional to the concentration of
the target.® This signal change is easily measured using fluorometry. In both cases, the
nanomaterials have chemical properties which allow them to, when partnered with an aptamer
and a target, produce a change that is measurable and directly proportional to the

concentration of said target.

Together, aptamers and nanomaterials possess the qualities needed to create a
biosensor. These works will focus on the design and testing of biosensors that are made with a
combination of aptamer and nanomaterial. These types of designs are favourable, as once they
are appropriately optimized, they are generally simple to produce and execute for reliable

detection of a single target.

Aptamers
An aptamer is a short, single-stranded DNA or RNA sequence that is used to bind tightly

and specifically to a given target. Aptamers have been shown to bind specifically to proteins,
small molecules, peptides, carbohydrates, toxins, or even whole, live cells.>® Generally,
aptamers are selected using a process called systemic evolution of ligands by exponential
enrichment, or SELEX. The SELEX process consists of three major steps : 1) incubation of target
molecules with a pool and random sequence single stranded DNA molecules; 2) separation of

free (unbound) sequences from sequences that are bound to targets; and 3) amplification of



bound aptamers using PCR. The process continues for many rounds, with increasingly stringent

conditions, to obtain only the sequences with the highest affinity and specificity.? 19 11

Caffeine Aptamer
Due its near-ubiquitous consumption, there was an interest in selecting an aptamer that

was highly specific for caffeine, that is able to distinguish between caffeine and its derivatives,
namely theophylline, theobromine, and xanthine.'?2 The selection of such and aptamer was
done by Huang and Liu.'° Their selection was based on previous SELEX methods detailed by
Yang, but was performed using some modifications.*14 The first step of their selection was to
anneal the library with a 5-fold excess of biotinylated capture strand, along with a SELEX buffer.
The purpose of this high salt buffer (500mM NaCl, 10mM MgCl,, and 50mM HEPES, pH 7.5),
was to screen any nonspecific electrostatic interactions that may be occurring during the

annealing process.1°

Once annealed, the DNA was then run through a streptavidin agarose resin-packed
micro chromatography column several times. The column was then washed 12 times over,
using the SELEX buffer, to remove any unbound or loosely bound sequences. Following the
wash, a caffeine solution was then passed through the column; any sequences that eluted
during this step were then collected and amplified using PCR. Next, a biotinylated reverse
primer was used to obtain the PCR products, which were then concentrated and further
purified for sequence analysis. A total of 20 rounds of selection were done, with counter

selection for the caffeine analogue, theophylline, starting at round 13 of the selection. After 20



rounds of selection, some sequence convergence became evident, with the converged

sequence being present in 29% of the final library selected.?

To assess the binding potential of the selected aptamers, isothermal titration
calorimetry (ITC) was used. These results showed that for all sequences selected, there was the
highest affinity for caffeine, suggesting a successful selection process. The Caff203 sequence
presented the strongest binding affinity to caffeine, giving a dissociation constant, Kq of 2.2uM,
and showed little to no binding to the analogue targets that were tested. The Caff203 sequence
selected as described was used in experiments presented and discussed in this thesis. The
predicted structure of this aptamer is shown in Figure 1. The region highlighted in red shows
the convergent region, which began to emerge after 20 rounds of selection. The sequence of

the Caff203 aptamer is 5 GAC GAC TAC GGA GTT TTA GCC GTC ACG TTC CCA GGA GTC GTC 3'.1°

T Caff203 ¥

_.l'l_-;.' '_.l” k A G
= C
- _GG

—
=
Gl

ph=l @k
363G

Figure 1. Predicted structure of the Caff203 sequence, as selected by Huang and Liu.1°



Theophylline Aptamer
In 1994, Jenison et al. reported the selection of an RNA aptamer for theophylline, which

showed a 10,900-fold affinity for theophylline over caffeine, despite the minute difference in
structure, of only a single methyl group.*"*> This aptamer has since been used for a variety of
applications, such as RNA switches, biosensors for theophylline, and riboswitches.!! Despite its
incredibly high selectivity, the usage of RNA aptamers is less favourable compared to DNA
aptamers, since DNA aptamers are both less expensive to produce and are much more stable
molecules.!? Because of this, Huang set out to select a new theophylline aptamer, that was

instead made from DNA.

To isolate the aptamer, library immobilization was used. The DNA library used for the
selection contained a random region, 30 nucleotides in length. The library was designed with
the intention of folding into a hairpin structure once bound to theophylline. With this in mind,
the library was immobilized using hybridization onto a streptavidin column — the expectation
was that any sequences that were able to bind theophylline would form into the
aforementioned hairpin structure, thus freeing them from the column. Any strands that were

liberated were then amplified using PCR and used in further rounds of selection.!

After 11 rounds of selection, counter selection using caffeine was performed, to
increase the selectivity of the aptamer to theophylline. Of the sequences selected, there were
20 that showed 19 nucleotides that were highly conserved; some sequences had the
nucleotides in reverse, though the bases were still conserved.!! These results suggest a

successful selection of the aptamer.



Binding assays to determine the detection limit and the selectivity of the aptamer were
done using ITC. This method serves to measure the heat of binding and can be done using label-
free aptamers. These experiments gave a dissociation constant, Kq of 0.51+0.13uM. When
analogs of theophylline, namely caffeine, theobromine and paraxanthine, were assayed, none

of these targets showed a heat change —i.e., no binding was observed.

For the experiments discussed in this thesis, the Theo2201 sequence from this selection
was used. The sequence of this aptamer is: 5° GAC GAC GAT TGT GGT CTA TTC ATA GGC GTC
CGCTGA GTC GTC 3'. The predicted structure of the aptamer, with the highly conserved region

shown in red, green, and blue is shown in Figure 2.

O’a 2 :’. )
OO0, 1

e
P

AarOnra
wOHEOOHEE

Figure 2. Predicted structure of the Theo2201 aptamer, as selected by Huang and Liu.!



Gold Nanoparticles

Aptamer-based biosensors
Aptamers, both RNA and DNA have been incredibly attractive components for a variety

of applications for quite some time.2*1® Aptamers can be used for the design of biosensors for
an array of applications, such as detection of contaminants for environmental monitoring, or
biomedical diagnostics.!”18 Aptamers are so widely used and desirable because of their ability
to bind to a given target with a great degree of specificity, and generally have very good
sensitivity. Aptamers can be used in biosensors that are labelled, for example with a
fluorophore, for analysis using fluorometry, or unlabelled, if another component of the
biosensor is able to transmit a signal.»>'® Aptamers are also useful for a variety of analysis
methods, depending on your target and desired sensor conditions. Some instrumentation that
can be used for these types of analyses include fluorometry, upconverting nanoparticles,
magnetic resonance imaging, flow cytometry, nanoflare technology, electronic aptamer-based

sensors, or lateral flow devices.17-18

Despite their desirable qualities, there exist some limitations to using aptamers for
biosensing applications.?*® Although aptamers can be selected at high specificity and affinity,
the process of selection of an aptamer can be quite lengthy. Additionally, there is a finite
number of sequences that can be generated, and not all sequences will be viable for usage as
an aptamer. As well, despite their high specificity, aptamers are optimally used in pure samples
with minimal contamination. Contamination in samples may affect the reliability and accuracy

of analysis with an aptamer-based sensor, which limits their practical usage.'®



AuNP-aptamer based biosensors
Gold nanoparticles are attractive for usage in an aptamer-based biosensor because they

provide both qualitative sensing data — a colour change visible without equipment —and
quantitative data, wherein this visual colour change can be tracked using UV-Vis spectrometry.*
’ The first iteration of the mechanism for AuNP-based sensing using label-free aptamers worked
using double stranded DNA; in this mechanism, the target DNA was the complimentary
sequence to the probe DNA.*?° Because double stranded DNA cannot interact with the surface
of gold nanoparticles, as the nucleobases are preferentially interacting with the complimentary
strand nucleobase, the resulting colour change, or lack thereof, was clearly indicative of

presence vs absence of target.>?0

To track the changes in a quantifiable way, UV Vis spectroscopy is used for this type of
biosensing method. When AuNPs are freely dispersed, they appear a deep red colour, and have
a maximum absorbance of approximately 523nm.2%22 Once AuNPs have been aggregated, a
change which is irreversible, they become a blue or purple colour, and absorb maximally over a
wider wavelength range, approximately 600-700nm. To determine whether a sample contains

more freely dispersed or more aggregated nanoparticles, the ratio of absorbances at these

AbSGZO)

wavelengths was calculated. Specifically, the absorbance is given as the ratio as follows: (Abs .
523

In this way, a small ratio is indicative of freely dispersed AuNPs, as the absorbance at 523 is
higher, whereas a larger absorbance ratio is indicative of aggregated nanoparticles, given that
the absorbance at 620nm is higher.??? Fully aggregated nanoparticles by way of adding NaCl

give an absorbance ratio around 1.



The clear and relatively quick colour change seen with salt-induced aggregation of
AuNPs makes their usage in a biosensor a favourable method for detection. The visible colour
change of AuNPs eliminates the need to label the aptamer that is used in tandem. Labelling
aptamers can be both expensive and time consuming, since studies must be done to determine
which type of label is best, what kind of instrumentation is needed for analysing a certain label,
among other factors that must be optimized.?> Thus, eliminating the need for a label with this
method is highly sought after in research geared towards designing biosensors. Additionally, UV
Vis spectroscopy is a quick way to obtain results, which, again, makes for the favourable design
for a biosensor, as results can be obtained relatively quickly. This method of analysis also

provides reliable results.

Previously Proposed mechanism
There exists a previously reported aptamer-based label-free biosensor that uses gold

nanoparticles for the detection of small molecules. This method originally was designed using a
DNA probe, with complimentary DNA as the target.'>2° This method by design worked by
utilizing the protection effect offered by single stranded DNA. Specifically, AuNPs are
susceptible to aggregation when mixed with salt; when AuNPs become aggregated, they
transition from a red colour (freely dispersed) to a blue or purple colour (aggregated). In this
case, NaCl was the salt that was used. However, single stranded DNA can interact with the
surface of AuNPs in a way that provides protection for the AuNPs against salt-induced
aggregation. Additionally, double stranded DNA cannot protect against salt-induced

aggregation. Using this knowledge, a sensor was designed, wherein the probe DNA was first



allowed to interact with the AuNPs to act as a shield against aggregation. Next, NaCl was added
to the mix; because DNA is protecting against aggregation, no colour change will occur. Finally,

the target DNA (the cDNA strand that is complimentary to the probe) is added.%:2°

In this mechanism, once the target DNA has been added, the probe DNA will
preferentially interact with the cDNA as opposed to the AuNP surface.'>2° When this occurs,
the protection effect offered by DNA decreases as less DNA interacts with AuNPs — this causes
the aggregation of AuNPs as NaCl is able to interact with the now exposed AuNPs. If no cDNA is
added or if an alternative non-specific target is added, the proposed mechanism suggests that
the protection effect will remain, since the probe DNA is specific only to its cDNA target. Thus,

no aggregation, and no colour change, will occur.1%20

The method as designed is dependent on the idea that: single stranded DNA can protect
against salt-induced aggregation, double stranded DNA cannot, NaCl is the only component of
the sensor that can induce aggregation, and that the single stranded probe DNA is the only

component that can protect against salt induced aggregation.

Problems with mechanism
Although the initial design of this sensing mechanism is elegant in its simplicity, a very

important part for success of this mechanism exists in the fact that single stranded DNA can,
and does, interact with the surface of the AuNPs, whereas double stranded DNA cannot. Later
works used this mechanism as a method to detect small molecules, such as arsenic or
adenosine, and were also used to prove that an aptamer sequence was successfully selected for

a given target.?32> These experiments, however, failed to take into consideration the

10



interaction between the small molecule target and the AuNPs.?#2° This could lead to false
positive and false negative results and may also lead to incorrect conclusions as to the cause of

the colour change.

The extension of the method for the detection of small molecules introduces the targets
themselves as an additional variable, which did not need to be considered when the target of
the mechanism was also single stranded DNA. However, when small molecules were used as
the target for this sensing mechanism, the potential interaction between the target and AuNPs
was not considered.?#?> Although we know for sure double stranded DNA will not interfere with
the sensing mechanism, we cannot guarantee that the targets being used will not do so
either.?8 In particular, there exists the possibility that the target can interact with the AuNPs in a
way that is either stabilizing — which may prevent a salt induced colour change, or, the target

may induce a colour change itself, both of which are unintended and unwanted interactions.

Because the target-gold interaction has yet to be considered in previous uses of this
sensing mechanism, a goal of the work presented in this thesis was to determine whether such
an interaction existed, and, if so, whether said interaction interferes with the sensing

mechanism in a way that renders the mechanism inviable.

Graphene Oxide

Fluorescence
The first instance of fluorescence being observed occurred in 1656, which was detailed

in a excerpt of Monardes’ Ligirium mephiticiem; since this observation, fluorescence has

continued to be studied by a number of scientists.?’ Fluorescence and fluorescent labels have

11



been studied so intently, because of their breadth of applications — particularly in the field of
molecular biology and its subfields, for the purpose of live cell imaging, protein structure and
function analysis, as well as localization of cellular components.?® Fluorescent labels are also
the most commonly used method for the purpose of biosensing, because of the diversity in

labels available, because they are simple to use, and because they are quite sensitive.?®

Fluorescent labels are also very appealing in the field of nanotechnology and
nanomaterials, as will be presented in these works. These types of labels are being favoured
over typical organic dyes, because of their superior optical properties.?® Fluorescent labels offer
a brighter fluorescence, greater degrees of photostability, better sensitivity, and a wider range
of emission and excitation wavelengths compared to their organic dye counterparts.
Additionally, these labels can be used for a variety of sensing assays, including, but not limited
to, basic fluorescence assays, fluorescence resonance energy transfer (FRET), fluorescence
lifetime measurement, and multiphoton microscopy. Each of these sensing techniques can be

used in tandem with nanomaterials.?®

Fluorescence works as a transfer of energy. In simple terms, molecules that fluoresce do
so by absorbing photons of specific wavelengths, and subsequently emitting these same
photons at slightly higher wavelengths.?® Light can act as an electromagnetic field — it can
induce oscillations by way of resonance — to the electrons of a fluorophore. This interaction can
cause a single paired electron to be ejected from its stable ground-state orbital into a higher-
energy excited-state orbital. The fluorophore’s ability to absorb photons at specific wavelengths

is correlated to amount of energy required to push an electron from a ground state to an
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excited state. The state of excitation lasts only for a very limited amount of time, with
vibrational relaxation occurring between high energy excited states, resulting in a loss of
energy. The loss of energy causes the electron to fall back into the stable ground-state orbital;
this energy is most often released as a photon, though can also be released as a loss of heat or
from other processes. The photon that is emitted is done so with lower energy than the photon
that was absorbed — this is the emission wavelength. Is it the absorption and emission of

photons that gives fluorophores their fluorescence.?®

In the experiments described in this thesis, the fluorescence label fluorescein amidite, or
FAM, was used. This fluorescent label is the most commonly used fluorescent dye for labelling
oligonucleotides, like aptamers. FAM has a maximum absorbance wavelength of 492nm, and a

maximum emission wavelength of 517nm.?’

Sensing Mechanism
Graphene oxide is known to be able to interact with single stranded DNA sequences, like

aptamers. Nucleobases, when exposed, form an electrostatic interaction with the surface of
graphene oxide —i.e., DNA can adsorb onto the graphene oxide surface.3%-32 This interaction
persists when an aptamer is fluorescently labelled. When a fluorescently labelled aptamer
adsorbs onto GO, the results is the quenching of the fluorophore. Although the specific
mechanism that causes the quenching has not been formally studied, a potential explanation
may be that adsorption alters the structure of the aptamer in a way that prevents the

fluorophore from fluorescing.30-32
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Considering this interaction, another relatively simple biosensing method can be
designed. When a fluorescently labelled aptamer is freely dispersed in solution, we have
fluorescence. Once GO is added, the aptamer will adsorb on the surface of the graphene oxide
lattice, which results in the quenching, or reduction, of the fluorescence output of the
fluorophore. When the target of the aptamer is added, it is predicted that the aptamer will
preferentially interact with its target, releasing it from the GO surface, resulting in an increase
in the fluorescence output — we get enhancement. With this, when we see fluorescence
enhancement, it is meant to demonstrate the presence of the target and confirm binding. If no

fluorescence enhancement is observed, it is meant to indicate a lack of binding.3%-32

Target-Nanomaterial Interaction

AuNP-Target Interactions
Previous iterations of the AuNP aptamer-based sensing mechanism have been used to

prove the binding of newly selected aptamers to their targets.?333 An example of the described
mechanism being used to this end is in experiments done to demonstrate the selection and
proof of binding of an arsenic aptamer to As".23 In these works, authors describe the AuNP-
based biosensor that they have used for proving that their newly selected aptamer is able to
bind to it’s intended target, arsenic.?> However, what authors failed to study or discuss was the
interaction between AuNPs and arsenic(lll) itself; reported results only discuss the final
outcome of the sensing experiments, which were interpreted as successful binding of aptamer

to target.
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This work was later discussed in an article by Zong et al, where authors perform
alternate binding assays, such as spectroscopy experiments and ITC to study the binding of
arsenic(lll) to its reported aptamer.?* Here they find that As'"' has a notable interaction with
AuNPs, and are able to adsorb onto the surface of AuNPs. As well, this interaction is strong
enough to displace DNA that has been adsorbed onto AuNPs already, and can prevent

adsorption of DNA if As(lll) has already been adsorbed.?*

With these findings in mind, it is important to study the interaction between AuNPs any
molecule that is intended to be used as the target for the AUNP aptamer-based detection
method. Although Zong reports that an interaction between As(l1l) and AuNPs exists, the effect
that this interaction may have on the sensing method was not directly studied. Consequently,
the works described in this thesis were done with the goal of assessing how any potential

interaction between AuNPs and target may affect the sensing method as reported.

GO-Target Interactions
Graphene oxide exists in single layer 2-dimensional lattices, as sp?>-hybrodized carbons.3*

The structure of graphene oxide lends itself to a number of favourable physical-chemical
properties, such as a high fracture strength, exceptional thermal and chemical conductivity, a
high Young’s modulus, large specific surface area, as well as biocompatibility. These qualities
are what contribute to GO being an appealing nanomaterial for usage in a variety of
applications, such as in biosensors, as nanocarriers for drug delivery, in biological imaging or as

probes for cells.34
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Graphene oxide has been shown to interact with single stranded DNA, as the DNA bases
can form electrostatic interactions with the surface of the GO lattices through the lone pairs on
their nitrogenous bases.®34 Despite this, however, literature searches showed that not much
work has been done to assess how non-DNA targets may be interacting with the GO lattices.
Though not the central focus of the work presented in this thesis, the interaction between
graphene oxide and targets, and the effect that this interaction may have pertaining to

biosensing applications, is discussed.

Targets

Caffeine
Caffeine is the most commonly and widely consumed psychoactive substance

worldwide, though especially in North America.'? Because of its prevalence in the human diet,
the potential for negative environmental impacts has become of increasing interest.1035-38
Although studies have shown that caffeine has negative affects only in a small subset of
individuals, the potential for harm to coastal ecosystems and plant life is relatively high.3>
Because of this, it is important to be able to detect caffeine quickly and reliably, to monitor
when concentrations may be reaching a hazardous point in susceptible environments. Easy and

quick detection can allow for quicker transitions to remediation efforts when needed.

Caffeine has four methyl groups; when any one of these methyl groups is removed, the
structure represents one of a few derivatives of caffeine — theophylline, paraxanthine,
theobromine or xanthine. Studying how these derivatives may affect the efficacy of a caffeine

sensor is important to determine how specific a given sensor is to caffeine, and how well it can
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distinguish caffeine from its derivatives. In the AUNP based sensor discussed in this thesis, the

ability of the sensor to differentiate between these derivatives is studied.

Theophylline
Theophylline is the caffeine derivative that results from the demethylation of carbon 7

on caffeine (Figure 3). In the past, theophylline had been used to treat patients who suffer from
asthma and chronic obstructive pulmonary disease (COPD), by acting as a bronchodilator.3®%° In
more recent years, however, its usage has been more geared towards treating bradycardia and
apneas in premature newborns in the United States. Despite its applications in therapeutics,

the actual therapeutic window of theophylline is quite narrow; even small overdoses above the

therapeutic range can result in both acute and chronic adverse affects.394°

Theophylline’s therapeutic effects are a result of an indirect stimulation of -1 and -2
receptors, which causes the release of catecholamines, which, in low concentrations, can allow
proper bronchodilation. When theophylline concentrations reach above the (narrow)
therapeutic concentration range, the release of excess catecholamines can cause issues relating
to cardiovascular, neurological, metabolic, musculoskeletal, and gastrointestinal systems; the

severity of the toxicity of theophylline is related to the dosage and route of exposure.3>4°

Because of its usage in therapeutics, and the potential for very dangerous overdoses if
improperly dosed or administered, monitoring of theophylline levels is an important and

relevant issue for medical practices. Detecting concentrations of theophylline quickly and
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reliably may be able to aid in decreasing the occurrences of theophylline overdoses, by

facilitating its monitoring, to assess when levels may be approaching the threshold for toxicity.

In addition to the toxicity related to the overdosage of theophylline in therapeutics,
because theophylline is used in pharmaceuticals, there also exists the possibility of
environmental contamination, from runoffs originating from wastewater treatment plants.*!
The existence of theophylline in the environment can also have adverse affects, once again

indicating the importance of its reliable detection and quantification.*

Research Goals
Given the information provided here, the research presented in this thesis was

performed to determine whether an interaction between target and AuNPs existed. Once an
interaction was assessed, it was investigated whether said interaction would affect the validity
of previous reports of an aptamer-based label-free colorimetric detection mechanism using
AuNPs. Experiments were done to study the protection afforded by the chosen aptamers, the
destabilization effect of NaCl on AuNPs, the interaction of specific and non-specific targets with
AuNPs, and the effect of each of these interactions on the previously proposed sensing

mechanism.

Following the investigation of a target-gold interaction, another possible sensing
mechanism, using graphene oxide, was then designed, and studied, as an alternate way to
detect caffeine and theophylline. This method used fluorescently labelled (FAM) aptamers for a

fluorescence-based detection mechanism. Specific and nonspecific dissociation, the effect of
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blocking, and concentration dependence were investigated using each the caffeine and
theophylline aptamers. The sensor was also assayed using a few alternative DNA sequences and

targets to further assess the validity and success of the method as designed.
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Chapter 2 - Interactions Between Caffeine, Theophylline
and Derivatives with Gold Nanoparticles and Implications
for Aptamer-Based Label-Free Colorimetric Detection

Introduction
Caffeine is a very important molecule due to its widespread consumption.? It is

extensively and readily available and is the most widely used psychoactive substance. The
widespread consumption of caffeine has caused concentrations to rise in the environment and
aquatic ecosystems. Although negative effects on humans have not been a major concern,
there are reports of possible negative effects on coastal ecosystems.* For physiological and

environmental reasons, its detection and quantification are an area of growing interest.10.36-38

The chemical name of caffeine is 1, 3, 7-trimethylxanthine, where removing any of the
methyl groups generates three new molecules named theophylline, theobromine and
paraxanthine, respectively. Theophylline is a main active component in tea, and it has been
used to treat airway diseases such as asthma.*® A lot of efforts have been made pertaining to
the detection and quantification of theophylline, especially in blood, due to its pharmaceutical

relevance.04243

Our lab recently reported a series of DNA aptamers that can bind caffeine'® and
theophylline,*! respectively. These aptamers can be used to develop biosensors for selective
detection of these molecules. Gold nanoparticles (AuNPs) have been very popular in developing
aptamer-based biosensors because of their excellent optical properties.*”17444> Many sensors

were designed by taking advantage of the protective effect of aptamers against salt-induced
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aggregation of AuNPs.19-20 Aptamer binding to its target was also believed to inhibit aptamer
adsorption to AuNPs, and thus AuNPs are easily aggregated upon adding salt.*¢** The color
change due to AuNP aggregation can thus indicate the presence of target analytes. This method
hinges on the idea that of the components in the sensor, only DNA aptamers can provide

stability against salt induced AuNP aggregation, and only salt can induce aggregation.

However, we recently discovered that the adsorption of many target analytes to AuNPs
needs to be considered.*® Ignoring such an interaction has led to false positives (seeing aptamer
binding where none exists) if aggregation is induced by the target.?®°! False negatives are also
possible, wherein no aggregation is occurring regardless of whether the aptamer is binding to

the target, because excess target is protecting AuNPs against salt-induced aggregation.?%>2

The adsorption of caffeine, theophylline and other methylxanthines on silver
nanoparticles was studied in previous works, though the adsorption of these molecules on
AuNPs has yet to be reported.>>>> We herein systematically studied the adsorption of caffeine,
theophylline, and related compounds to gain fundamental insights. We also tested the AuNP-
based detection method and concluded that this method cannot be directly used for the

detection of caffeine or theophylline due to the adsorption of these molecules onto AuNPs.

Results and Discussion

Colloidal stability of AuNPs in the presence of caffeine and related compounds.
The structures of caffeine and related compounds tested in this work are shown in

Figure 3. Each of these structures consists of the same xanthine core with different numbers of

methyl groups. Freely dispersed AuNPs are red in colour. When they become aggregated, their

21



visual appearance shifts to a purple or blue color. For the as-synthesized citrate-capped AuNPs,
and the AuNPs with added caffeine, theophylline, and theobromine, we saw an identical red
colour, indicating that these molecules did not induce aggregation (Figure 3). This differs from
the purple and blue color that resulted upon the addition of paraxanthine and xanthine,

respectively, which are indicative of aggregation of our AuNPs.

This color change also shifted the wavelength at which maximum absorbance is
observed. Freely dispersed AuNPs absorb maximally around 520-525 nm, and aggregated
AuNPs absorb over a wider range, around 600—-700 nm. To quantify the color, UV-vis
spectroscopy was used, and absorbance ratios (620 nm/523 nm) were determined. Given that
aggregated AuNPs absorb higher at 620, and freely dispersed AuNPs absorb more at 523, high
absorbance ratios indicate that the AuNPs are aggregated, and low ratios are indicative of

freely dispersed AuNPs.

Since adenosine-induced aggregation of AuNPs has been well studied,?*?2we also
included adenosine and adenine in this experiment for comparison. Adenosine-induced
aggregation is evidenced by the increasing ratio of absorbance as the concentration of
adenosine increases, with aggregation starting at very low concentrations (Figure 4A). The
fitting shown in Figure 4A for adenosine resulted in an apparent Kq of adenosine to AuNPs of
7.2uM. To contrast this, as the concentrations of both caffeine and theophylline were increased
to even 500uM, the ratio of absorbance remained low and comparable to that of the pure

AuNPs, which is indicative of a lack of aggregation.
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In contrast, xanthine and paraxanthine showed increasing ratios of absorbance as the
concentrations of these targets increased (Figure 4B). Both targets can readily induce
aggregation starting at low micromolar concentrations and reach a plateau at approximately
5uM. Theobromine is comparable to caffeine and theophylline in that increasing the
concentration has no significant effect on the absorbance ratio, suggesting that theobromine

cannot induce aggregation.
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Figure 3. The structure of caffeine and its derivatives, and photographs of AuNPs following the
addition of caffeine, theophylline, theobromine, paraxanthine and xanthine, respectively.
Samples have final concentrations of 4.6nM AuNPs, 2.5mM MES buffer, pH 6.1 and 500uM
target. pKa values are shown in blue, next to the proton that they correspond to. All pKa values

given were taken from their respective PubChem compound summary sheets.>®

Protection of AuNPs by caffeine and theophylline indicative of adsorption.

Given that no target-induced aggregation was observed for either caffeine or
theophylline, it was unclear whether these two molecules can be adsorbed to AuNPs. To test

this, we then determined whether these two molecules would protect AuNPs against salt-

23



induced aggregation. To ensure that any protection observed can be afforded to the presence
of the target of interest, no buffer was included in these methods. Samples were prepared
using AuNPs, target and NaCl exclusively. For both caffeine and theophylline, increasing their
concentration decreased the absorbance ratios (Figure 6A). Thus, we can conclude that they

protected AuNPs against salt-induced aggregation.
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Figure 4. (A) The extinction ratio of the AuNPs in the presence of caffeine, theophylline, and
adenosine. Adenosine was included as a positive control. (B) The extinction ratio of the AuNPs
in the presence of paraxanthine, theobromine, xanthine, and adenine. Experiments were

repeated in triplicate.

Protection plateaus at approximately 125uM for both caffeine and theophylline, with
noticeable protection being observed starting at 6.3uM for both studied targets. Such
protection was indicative of adsorption of these two molecules to AuNPs. The effect of pH on
the protection afforded by theophylline was also studied. Both acidic (pH 4.2) and basic (pH
10.2) conditions were assayed. These experiments showed an increase in protection at low

concentrations of theophylline at pH 10.2, and a slight decrease in protection at the lowest
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concentrations of theophylline at pH 4.2 (Figure 5). Protection remained comparable at
concentrations greater than 6.3uM for each reaction condition. These results indicated that pH
does not have a notable impact on the protection offered by theophylline. The NaCl control (no
theophylline) at pH 10.2 also had a slightly decreased ratio of absorbance. Thus, the pH 10.2

buffer itself may be contributing to the slight increase in protection shown in Figure 5.
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Figure 5. pH-dependent studies to assess whether the pH of the samples affected the
protection afforded by theophylline. An acidic pH (4.2) and a basic pH (10.2) were studied.
Compared to the unbuffered samples (Figure 6), when theophylline concentrations were
<10uM, the pH 10.2 samples showed increased protection, and the pH 4.2 samples showed
slightly decreased protection. When the concentration of theophylline was greater than 6.3uM,
protection was comparable for all three samples. These results indicate that pH did not have a
significant impact on the protection against salt-induced aggregation afforded by theophylline.
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When comparing the structures of caffeine and its derivatives (Figure 3), there is a
notable difference between the compounds that can induce aggregation and those that do not.
It is tied to the presence versus absence of a methyl-capped nitrogen in the N3 position. The N3
methyl-cap is missing on xanthine and paraxanthine and these are the only caffeine derivatives
studied here that induced aggregation. Caffeine, theophylline, and theobromine are methyl-
capped on this nitrogen, and none of these compounds induced aggregation of the AuNPs.
Given this, we reasoned that the structures of the targets being studied are critical in
determining whether an interaction would stabilize or destabilize AuNPs. Note that they were

all adsorbed to the AuNPs.

The charge of a molecule is known to strongly influence its ability to stabilize AuNPs. For
example, adenosine destabilizes AUNPs, while ATP stabilizes them, since the latter has a
negatively charged triphosphate.?! At our experimental condition pH of 7.3, each of these
molecules exists in a neutral charge state (0 formal charge). With this, the pKa values of these
molecules (shown in Figure 3) do not seem to be an important parameter for determining

whether a target may have a stabilizing or destabilizing effect on AuNPs.

A possible explanation for the lack of methyl cap contributing to aggregation is that this
N3 position can coordinate to the AuNP surface to help displace the surface citrate, resulting in
a more charge neutral surface. Alternatively, if this position is not adsorbed, it may serve as a
hydrogen bond donor to interact with a ligand on another AuNP to induce aggregation. These
roles either decrease charge repulsion or increase interparticle attraction, both promoting

AuNP aggregation.
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SERS to study adsorption
For both stabilization and destabilization interactions, the likely cause is the adsorption

of the target onto the AuNPs. To further verify adsorption, surface-enhanced Raman scattering
(SERS) was performed for caffeine, theophylline, and xanthine (Figures 6B—D). Compared to the
free molecules in water, the SERS samples with AuNPs had much stronger signals despite their
concentrations being 10-fold lower, confirming adsorption. The Raman spectra obtained were
consistent with literature values for xanthine peaks. In work done by Muniz-Miranda to study
xanthine using Raman spectroscopy and silver nanoparticles, enhanced peaks at around 657
cm™ were observed.>® In Figure 3C, we also observed a strongly enhanced peak at
approximately 657cm, which solidly suggested adsorption of xanthine onto the AuNPs. The
Raman spectra for caffeine also suggested absorption, which is given by the enhanced peak at
approximately 555cm™ (Figure 3B).>3 Theophylline results are indicative of adsorption as well,
as evidenced by the peaks at 555cm™ and 1570cm™ (Figure 3D).>* These results strengthened
our hypothesis, supporting that the stabilization or destabilization interactions with AuNPs

were afforded due to the adsorption of our targets onto the AuNPs.
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Figure 6. (A) Protection of AuNPs offered by caffeine and theophylline. Samples were prepared
using 3nM AuNPs with a final of 40mM NaCl added. SERS spectra of (B) 5 mM caffeine alone,
and 0.5mM caffeine with 100nm AuNPs and 1.2mM MgS04, (C) 0.5mM xanthine alone, and
0.05mM xanthine with 100nm AuNPs and 1.2mM MgS04, (D) 5mM theophylline solution, and
0.5mM theophylline with 100nm AuNPs and 1.2mM MgSOa.

Protection of AuUNPs by the aptamers.
For the sensing method to work as intended, aptamers must be able to protect the

AuNPs against salt-induced aggregation. Figure 7A and 7B illustrate the predicted secondary
structures of the caffeine and theophylline aptamers, respectively. To ensure that the aptamers
were suitable for the sensing method, preliminary experiments were done to verify the
protection. As the concentration of the aptamer increased, the ratio of absorbance decreased
proportionally (Figure 7C), confirming that these aptamers can indeed protect the AuNPs.

Protection was observed at each of the studied concentrations to varying degrees. Protection
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reached a plateau at around 100nM, for both the caffeine and theophylline aptamers. Given

these results, 100nM aptamer concentrations were used for subsequent experiments.
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Figure 7. The secondary structure of the (A) caffeine and (B) theophylline aptamers. (C)
Protection against salt-induced aggregation offered by caffeine and theophylline aptamers.

Label-free colorimetric sensing of caffeine and theophylline
Single-stranded DNA molecules can interact with the surface of AuNPs in a way that

stabilizes the AuNPs. This interaction is due to the nitrogenous lone pairs that are present on
nucleobases. NaCl destabilizes AuNPs by screening the surface charge, such that aggregation
ensues. The typically proposed sensing mechanism makes use of these two interactions to
determine whether an aptamer sequence is binding to a particular target. Specifically, when
both DNA and NaCl are present, the protective, or stabilizing, effect of DNA is dominant, and
thus the AuNPs are protected against salt-induced aggregation. However, when the target of
said aptamer is included in the system, the aptamer will preferentially interact with the target,

thus reducing or eliminating the protective effect of the aptamer for the AuNPs (Figure 8A).
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Following the method in Figure 8A, we tested the detection caffeine and its derivatives
using the caffeine and theophylline aptamers. Given that in the samples shown in Figure 8B and
8C, NaCl had thus far not been added, yet aggregation was observed for some molecules, it
becomes evident that the target-AuNP interaction was predominating in those cases. If DNA-
AuNP were the primary interactions in the system, there would be no aggregation before the
addition of salt. Aggregation prior to salt addition means that the target can induce aggregation

of the AuNPs regardless of the presence of aptamers.
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Figure 8. (A) The conventional mechanism for the label-free sensing method. In this
mechanism, only the adsorption of aptamers is considered, while the adsorption of target
molecules is not considered. Photographs of sensing results using the (B) caffeine aptamer and
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(C) theophylline aptamer before and immediately after adding NaCl. Samples consisted of 1
mM phosphate buffer, pH 7.3, 4nM AuNPs, 10uM target, 100nM DNA aptamer, and 0 or 40mM
NaCl. Quantified sensing assay results with caffeine (D) and theophylline (E) aptamers after
adding 40mM NaCl. For the samples with Mg?* added, 0.5mM Mg?* was used.

As further evidence for the dominance of the target-AuNP interaction, neither caffeine
with the caffeine aptamer (Figure 8D), nor theophylline with the theophylline aptamer (Figure
8E) samples showed aggregation upon the addition of salt. This again shows that it is the target
that is interacting with AuNPs more strongly, as no aggregation is observed where it is expected
to occur due to the protection against salt-induced aggregation offered by caffeine and
theophylline. For each of the samples shown in Figures 8B—E, aggregation is shown to be based
on the interaction of the target with AuNPs (i. e., those targets that were shown to induce
aggregation in previous assays are again showing aggregation in the sensing experiment here,
and those that were shown to offer protection against salt-induced aggregation in previous

assays are showing no discernable change in absorbance ratio following the addition NaCl).

Further tests were done to assess whether a higher concentration of salt may alter the
results. Concentrations up to 100mM NaCl were assayed (Figure 9). These assays showed that
the sensing result was dependent on the presence versus absence of theophylline — assays
were done with just theophylline, theophylline and aptamer, and just aptamer (each with NaCl
and AuNPs). For each assayed concentration of salt, the sensing results mirrored the
theophylline-only result, suggesting that the theophylline-AuNP interaction is dominant in the

system, regardless of the NaCl concentration used.
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Figure 9. Alternate sensing experiments to assess whether varying the salt concentration may

40mM

alter the results. AUNPs and NaCl were present in each system. (A) Only theophylline was
added. (B) Assays with theophylline and theophylline aptamer together. (C). Assays where only
the aptamer was included. (D) Neither theophylline nor aptamer were added. Concentrations
to the left of each sample give the concentration of NaCl used in that system.

Even more, MgCl, was added to the caffeine aptamer sample to promote aptamer-
target binding. However, despite adding MgCl,, still no aggregation was observed for the
caffeine with caffeine aptamer sample (Figure 8D). The same can be said for the sensing assay
with the theophylline and theophylline aptamer, which also included 0.5mM MgCl; (Figure 8E).
Increasing MgCl, further was not possible, as higher concentrations of Mg?* can readily induce

aggregation of the AuNPs.

Therefore, based on this sensing assay, this system was dominated by target/AuNP
interactions. If the DNA-AuUNP interaction dominates, the samples with targets that do not bind
the aptamer should not show any aggregation, and the targets which bind to the aptamer will
show aggregation once NaCl had been added. If the target-gold interaction dominates, then

aggregation will depend solely on the stabilization/ destabilization interaction of the target with

32



AuNPs. Prior to adding NaCl, aggregation is already seen in the samples with xanthine,
adenosine, and adenine. Because the paraxanthine samples aggregated slower than other
aggregation-inducing targets, paraxanthine kinetics experiments were done (Figure 10). These
experiments showed that aggregation began between 5-10 min after adding paraxanthine to

the AuNPs, and full aggregation (Es20/Es23 >1.0) was reached at approximately 30 min.
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Figure 10. Paraxanthine-induced AuNP colour change kinetics. Experiments were repeated
three times. Samples were made to mimic the sensing conditions — approximately 4nM AuNPs
and 10uM paraxanthine were used. Measurements were taken using UV Vis spectroscopy every
5 min, for 50 min; Ee20/Es2321.0 is used as a reference for “complete” aggregation, as it is the
approximate ration of absorbances for AuNPs that have been aggregated by NaCl. Further
increases in the ratio of absorbances are due to the shift from a purple to blue appearance of
the nanoparticles.

Based on whether target molecules can adsorb and whether DNA can bind to target,

there are four possibilities as summarized in Figure 11. In Figure 11B and 11D, we are getting
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the ‘expected’ result — aggregation when target of interest is present, and no aggregation when
a non-target is present. However, despite these being the expected results, the underlying
mechanism can be different from previously reported. Previous iterations of this sensing
method conclude that aggregation occurs because no protection against salt-induced
aggregation is being afforded by DNA, when in-fact we would see aggregation prior to adding
salt. This indicates target-induced destabilization of the AuNPs (as suggested in Figure 11D). As
well, there is potential for both false-negative and false-positive results, as shown in Figure 11A
and 11C. In Figure 11A, despite there being DNA-target binding, no aggregation is observed
because of the stabilization effect of the target. The conclusion would be that no binding is
occurring, when in fact it is simply being masked. Alternatively, Figure 11C shows a false-
positive — it appears as though binding is occurring, though aggregation ensues before salt

addition because of the destabilizing effect of the target.
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) . e _Nadl o J e e OJ\J _Naal
= . ® =, e o —
Aptamer Aptamer J\J
Binding but no aggregation No binding and no aggregation
C Destabilizing non-target AuNP D Destabilizing target AuNP

= 0.0 .J\J. 'W . PY @ _Nadl @‘

Aptamer J\J Aptamer
Aggregation but no binding Binding and aggregation
Legend
@ Stabilizing analyte @®  Destabilizing analyte J\J Unbound aptamer

‘ Freely dispersed AuUNP ‘ Aggregated AuNP < / Bound aptamer

Figure 11. Possible results for the sensing assay when the target is dominating in the system.
(A) The expected results when a stabilizing target is used. (B) The expected results when a
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stabilizing non-target is assayed. (C) The expected result when a destabilizing non-target is
used, and (D) the expected result when a destabilizing target is assayed.

Considering results reported here, and the described potential results, previous work
that made use of this method may need to be revisited to ensure the validity of the
conclusions. For instance, this method has been used as proof of successful aptamer selection
for a number of sequences.?® Because of the stringency required for success, these sequences
may need to be studied using alternate methods to ensure their viability. An example where
the constraints not being met did in fact lead to false conclusions is shown in work done by
Zong et al.?* This false conclusion came about partially due to the failure to report target-gold
interactions between arsenic and AuNPs.?> For this method to be successful as it has been
intended,”! three primary constraints should be met: 1) NaCl must be the only component in
the system which can induce the aggregation of AuNPs; 2) the DNA aptamer must be able to
protect against salt-induced aggregation, and it must be the only component in the system
which can do so; 3) the target in question must not interact with AuNPs in either a stabilizing
nor a destabilizing manner. If such an interaction were to exist, it must be weaker than the

interaction of DNA with AuNPs.

Conclusions
In this work, we studied the adsorption of caffeine and theophylline by AuNPs and

evaluated the feasibility of aptamer-based label-free detection. Adsorption was observed based
on the colloidal stability of AuNPs and Raman spectroscopy, and due to such adsorption, the
AuNPs could not be used for direct label-free colorimetric detection. Future research on more

reliable methods for detection and quantification of small molecules using AuNPs would need
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to carefully consider target-gold interactions. Alternate methods with less constraints for
success can be explored. Results presented in these works also suggest that the method as
reported should not be used as proof of aptamer binding, and alternate binding assays should

be employed when reporting new aptamer sequences.

Experimental Section
Chemicals: The 13 nm AuNPs were used for all assays other than Raman spectroscopy. The 13

nm AuNPs were prepared according to literature.®” A 1 mM HAuCl4 solution was heated to
refluxing, and then a 1% NazCsH7-:2H,0 was added to the refluxing solution. This was allowed to
react until a wine-red color was achieved; the solution was then slowly cooled. DNA samples
were purchased from Integrated DNA Technologies (Coralville, IA, USA). The caffeine aptamer
sequence is 5'-GAC GAC TAC GGA GTT TTA GCC GTC ACG TTC CCA GGA GTC GTC-3’, and the
theophylline aptamer sequence is 5'-GAC GAC GAT TGT GGT CTA TTC ATA GGC GTC CGC TGA
GTC GTC-3'. Sodium chloride, 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES),
MES, NaH;POa4, NazHPOa4, KH2PO,, caffeine, theophylline, xanthine, paraxanthine, theobromine,
adenine and adenosine were purchased from Sigma-Aldrich. Milli-Q water was used to prepare

all the solutions and buffers.

AuNP stability assays: To assess the effect of the target molecules on the stability of the AuNPs,
titrations were made to a final concentration of 3nM AuNPs, and target concentrations ranged
from 1uM to 2mM. Reactions consisted of 55uL of AuNPs and 55uL of respective target
solution. For consistency, samples were allowed to sit for 1 h at room temperature before

measurements were taken on a UV-Vis spectrophotometer. For pH studies, a
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carbonate/bicarbonate buffer was used for pH 10.2, and a sodium phosphate/potassium

phosphate buffer was used for pH 4.2.

Aptamer-based sensing: Protection offered by the chosen aptamer sequences was first assessed
by aggregation experiments. An approximately 4nM final concentration of AuNPs was used,
with aptamer concentrations ranging from 20—100nM. Samples were made up of 70uL AuNPs,
10uL of the respective DNA solution, and 20uL of NaCl (40mM final). The sensing experiments
were done by first mixing the aptamer with target and were left to interact for 5 min; a 5mM
phosphate buffer, pH 7.3 was used for this reaction. Next, AuNPs were added, and results were
photographed. Finally, NaCl was added to each of the samples and results were again
photographed and recorded using UV-Vis spectrometry. The final concentrations of the
reactants were 100nM DNA, 10uM target molecules, 40mM NaCl, 1mM phosphates buffer, and
approximately 4nM AuNP. The final sample volume was 100uL, which consisted of 60uL AuNPs,
10pL aptamer solution, 10yl target, and 20uL NaCl. Alternate salt concentrations were assayed
for the sensing experiments with theophylline. 10uM theophylline, 100nM theophylline
aptamer, and 4nM AuNP concentrations were used; NaCl concentrations ranged from 40mM to

100mM.

SERS and UV-vis Spectroscopy: Samples were prepared using 100nm AuNPs prepared by citrate
reduction. The final caffeine, theophylline and xanthine concentrations were 0.05 to 0.5mM,

and 1.2mM MgS04 was used when needed, to aggregate the AuNPs to increase Raman
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hotspots. For the AuNP-free spectra, the concentration of the molecules was 10-fold higher.
Measurements were taken using a DeltaNu Advantage 785 Raman spectrophotometer, with an
excitation wavelength of 785nm and an integration time of 5s. All UV-vis spectrophotometry

results were obtained using an HP/Agilent 8453 UV-Vis spectrophotometer.
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Chapter 3 - Graphene Oxide-Induced Quenching of
Fluorescently Labelled Aptamers for Fluorescence-Based
Detection of Caffeine and Theophylline

Introduction
Pertaining to small molecule detection, a target that is quite often studied is

adenosine.”®%0 Although adenosine is a biologically important molecule, it is important to study
potential sensing mechanisms for other small molecule targets. In particular, because of their
biological and pharmaceutical importance, we are interested in determining simple, cheap, and

reliable ways to detect the important methyl-xanthines caffeine and theophylline.

Caffeine is the most abundantly used psychoactive substance in North America.?
Although many studies have shown that in general, caffeine consumption does not have any
negative health effects in the average healthy adult individual, there have been some recent
concerns regarding the contamination of coastal ecosystems by this molecule.3® This
contamination has arisen due to its high prevalence in human consumption. Because of this,
being able to detect it reliably and specifically is important for ensuring that contamination

does not approach an environmentally impactful concentration.

Theophylline is a molecule with therapeutic importance, which makes its detection also
of interest. In particular, it is used for the treatment of airway diseases, such as asthma.*04243
Theophylline is also a main active component in tea, and is present in other consumable

products, such as chocolate. Despite this, however, it is possible to overconsume theophylline

in a way that is harmful to one’s health. Because of this, it is important to be able to accurately
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monitor concentrations of theophylline, with potential applications in medical practices, or for

monitoring environmental concentrations, should the need arise.

A potential mechanism for sensing these targets makes use of graphene oxide (GO). GO
can interact and bind strongly with single stranded DNA molecules, like aptamers, due to m-
stacking, as well as hydrophobic interactions between graphene and the nucleobases of
DNA.23480 |n addition, GO can induce fluorescence quenching of fluorophores —when a
fluorescently labelled aptamer adsorbs onto graphene oxide, this interaction causes an
alteration of the structure of the aptamer that inhibits fluorescence. As the aptamer is released
from the surface of the GO lattice, it regains its fluorescence —i.e., we get enhancement.30-32
Enhancement occurs as a result of the aptamer returning to its native structural conformation
upon dissociation.

Though there exists a variety of fluorescent labels, FAM was chosen as our label for
these methods, as it is an inexpensive option, and it is small, which helps to ensure that the
inclusion of the label on the aptamer structure will not alter the structure in a way that

prevents binding of our aptamer to its target.?”-28

The idea behind the sensor is that graphene oxide can induce high levels of fluorescence
guenching of our chosen fluorescent label. Once the target of the aptamer has been added,
fluorescence enhancement will ensue, as a result of the aptamer binding preferentially with its

target instead of interacting with graphene oxide.

Additionally, double stranded DNA cannot interact with graphene oxide because the

nucleobases are interacting with their complimentary strand, and essentially “hidden away”
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from the GO surface.3%-3? Because of this, we used an aptamer and its complimentary (cDNA)
strand as a control for our experiments. When complimentary DNA is introduced into the
sample, the aptamer will preferentially bind to the cDNA. Since double stranded DNA cannot
adsorb onto GO, the newly double stranded DNA remains dissociated, which allows

fluorescence enhancement.

Results and discussion
Both graphene oxide and the DNA backbone carry a negative charge. Because of this, a

buffer with high ionic strength was needed, in order to mitigate the repulsive energy that exists
as a result of these negative charges. To this end, both MgCl; and NaCl were included — their
positively charged ions (Mg?* and Na*) serve to screen the negative charges on the reactants,
DNA and GO. Additionally, the FAM fluorophore requires a near-neutral/neutral pH to

fluoresce, so a pH 7.5 HEPES buffer was also included in the samples.?’

First, the caffeine aptamer and the theophylline aptamer were assayed with both
caffeine and theophylline; these samples included buffer, aptamer, NaCl, MgCl, and (7.5ug/mL)
GO. These initial experiments showed that for the caffeine aptamer, adding caffeine resulted in
a fluorescence signal equal to 4.07x +1.1x of the baseline. In comparison, adding theophylline
to the caffeine aptamer mixture resulted in fluorescence enhancement equal to 2.24x + 0.4x
the baseline. Each of the increases reported were determined using the maximum fluorescence
obtained when monitored for a 30-minute period after adding target. These results showed
that greater enhancement was shown to specific dissociation of the caffeine aptamer by its

target. These results are shown in Figure 13.
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To calculate the enhancement, prior to adding target the samples were monitored for 5
minutes. The values obtained during this analysis were then averaged out — this average value
was used as the baseline. After adding target, the samples were monitored for 30 minutes. The

maximum R. F. U. (relative fluorescence units) value was used to compare to the baseline. The

Max RFU after target
Average RFU before target

enhancement value was calculated as ; with this, the values given, for

example caffeine with its aptamer, as 4.04x demonstrated that after adding target, the R. F. U.

is equal to 4.04 times the magnitude of the pre-target baseline fluorescence.

Similarly, when caffeine was added to the theophylline aptamer samples, there was a
fluorescence output equal to 3.27x £ 0.3x the baseline within 30 minutes. When theophylline
was added to the sample containing its aptamer, there was an average maximum fluorescence
output of 2.9x £ 0.3x the baseline (Figure 14). Like the caffeine aptamer results, there was a
greater average enhancement when caffeine was added to the theophylline aptamer samples.
This indicates that can caffeine likely induces better non-specific displacement of the aptamer

from the graphene oxide surface when compared to theophylline.

To determine whether this assertion was true, both caffeine and theophylline were
assayed as the non-specific targets for a FAM-labelled 24-mer sequence. Because the 24-mer
sequence has a lower fluorescence when freely dispersed when compared to the FAM caffeine
and theophylline aptamers, a lower (optimized) concentration of GO (5ug/mL) was used for
these experiments. When compared to the dissociation of their respective aptamers, results

showed that, once again, caffeine caused a greater degree of nonspecific dissociation of the
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DNA from GO (Figure 12). This further confirms the hypothesis that caffeine can cause

nonspecific displacement of DNA more readily than theophylline.

Nonspecific Dissociation of FAM 002 Sequence by
Caffeine and Theophylline

~ 00 o N

w

Baseline Amplification

Caff Theo
Target (1mM)

Figure 12. Visualized results of the nonspecific dissociation of a 24-mer DNA sequence by our
targets, caffeine (caff) and theophylline (theo). Both targets were assayed using 1ImM
concentrations, DNA was 20nM and GO was 5ug/mL.

Effect of BSA
Bovine serum albumin, or BSA, is often used for the purpose of “blocking” in conditions

where non-specific displacement is possible.?2%2 The purpose of BSA is to prevent non-specific
displacement of our aptamer, by essentially “filling” the sections of the GO lattice that are not
occupied by the aptamer. In doing so, when the target is added, the chances that the target
binds preferentially to GO are decreased, allowing for a higher increase in fluorescence upon
their addition. Figures 2 and 3 show how the inclusion of BSA (0.004mg/mL) in our sensors
served to increase the target-induced fluorescence enhancement for both the specific and

nonspecific targets.
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BSA was assayed with each aptamer, but results showed that despite it improving the
fluorescence enhancement of the specific targets, it also increased the signal of the nonspecific
target. These results indicate that the inclusion of BSA helped with the sensitivity of the sensor,
but was a detriment to the selectivity, and thus was excluded from sensing experiments after

initial assays.

Comparing the Caffeine Aptamer Baseline
Amplification in the Presence and Absence of

BSA

7
oy
o6
)
S5
=
S 4
S
< 3
(0]
£ 2
! -
o 1
o™

0

Caff Theo Caff+BSA Theo+BSA
Target

Figure 13. To compare the amplification of fluorescence output when BSA is present versus
absent. The caffeine aptamer with caffeine had 4.07x + 1.06x the baseline without BSA and
5.41x + 0.71x with BSA. When theophylline was added, amplification was 2.24x + 0.43x without
BSA and 3.8x + 0.43x with BSA.
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Comparing the Theophylline Aptamer Baseline
Amplification in the Presence and Absence of

BSA
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Figure 14. To compare the amplification of fluorescence output when BSA is present versus
absent. The theophylline aptamer with theophylline had 2.9x + 0.3x the baseline without BSA
and 3.43x + 0.2x with BSA. When caffeine was added, amplification was 3.27x + 0.3x without
BSA and 3.49x + 0.4x with BSA.

Although the addition of BSA reduced the difference in amplification between
theophylline and caffeine when each was added to the theophylline aptamer, caffeine still
showed greater fluorescence enhancement in both assays. This leads to the conclusion that the
sensing method designed and discussed here does not work for the FAM labelled theophylline

aptamer.

Verification of Method Design
To assess whether the method proposed here was correctly designed and confirm that

the caffeine and theophylline results were due to the method not working for these aptamers,
rather than due to a flaw in the sensor, an alternate DNA sequence was used. The 24-mer
sequence has a complimentary DNA strand, that can be used as a specific target for the sensor.

As a nonspecific target, the same 24-mer sequence, just unlabelled, can be used.
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Comparing Specific to Nonspecific Dissociation of the 002A
sequence
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Figure 15. Comparison of specific and nonspecific dissociation of the FAM 24-mer sequence
using DNA targets.

As shown in Figure 15, when the concentration of the specific target increased, so did
the resulting RFU. A similar trend was shown for the nonspecific target, though the
amplification at each concentration differed significantly. Specifically, the cDNA target showed
1.83x £ 0.1x, 9.28x £ 0.4x, and 16.12x + 0.8x amplification at 10nM, 100nM and 1000nM target,
respectively. In comparison, when the unlabelled 002 sequence was added as the target, we
saw 1.65x + 0.1x, 4.08x + 0.4x, and 6.86x * 0.6x for 10nM, 100nM and 1000nM target
concentrations. These results clearly show success of the method, as the nonspecific target
results in significantly lower enhancement than the specific target. This suggests that the
method works as intended, and that the caffeine and theophylline aptamers are simply non

ideal candidates for using this sensing mechanism.
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Non-specific displacement

Experiments for the nonspecific displacement of the caffeine and theophylline aptamers
showed that similar targets were able to displace the aptamers almost as readily as the specific
targets. To determine whether the structure of the target may be related to nonspecific
dissociation, we decided to study another nonspecific target that has greater structural
differences compared to the specific targets for our aptamers. To this end, adenosine (1mM)

was used as the nonspecific target; each of their structures is pictured below.
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Figure 16. Structures of each of our small molecule targets, from left to right : caffeine,

theophylline, adenosine.

Caffeine and theophylline differ by only a single methyl group, whereas adenosine is

much larger, containing an additional ring as part of its structure.
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Adenosine as the Nonspecific Target for Caffeine
and Theophylline Aptamers

Baseline Amplification
w

Caff Theo

Aptamer

Figure 17. Nonspecific dissociation of caffeine and theophylline aptamers using adenosine as
the target. Assayed with the caffeine aptamer, adenosine induced an RFU that was equal to
4.72x £ 0.22x, and an RFU equal to 3.54x + 0.93x the baseline when assayed with the
theophylline aptamer.

Next, we also wanted to determine how these results differed from each of these

targets assayed with the adenosine aptamer.

Comparing Specific to Nonspecific Dissociation of
the Adenosine Aptamer
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Figure 18. Dissociation of the adenosine aptamer from GO by caffeine, theophylline and
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adenosine. Each target was assayed using a concentration of 1mM. Caffeine induced an
amplification of 2.86x + 0.03x, theophylline 1.89x + 0.02x, and adenosine 3.59x + 0.04x.

Looking at the results shown in Figure 18, we find that adenosine was able to induce a
greater fluorescence enhancement when assayed with its aptamer, when compared to caffeine
and theophylline. Interestingly, the amplification given when adenosine was assayed with the
caffeine aptamer was higher than the amplification observed when adenosine was assayed with
its own aptamer. These results suggest that the amplification of fluorescence, though likely
correlated with binding of aptamer to target, appears more highly dependent on the target
being used, and how that target may be interacting with GO. Additionally, the strength of the
interaction between the aptamer and GO may influence the resulting fluorescence

enhancement.

Concentration dependence
Concentration dependence for each target with both aptamers was studied, to

determine how sensitive the proposed sensing mechanism is for specific and non-specific
displacement. Results showed a threshold of detection of 10uM for caffeine with the caffeine
aptamer, 100uM for caffeine with the theophylline aptamer, and 100uM for theophylline with
both aptamers. The threshold of detection is given as the concentration assayed where the

fluorescence is great than 1.0x the baseline. Results are presented in Figures 19 and 20.
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Concentration Dependence of Fluorescence
Enhancement with the Caffeine Aptamer
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Figure 19. Concentration dependence of the fluorescence enhancement of the caffeine
aptamer. Caffeine as the target gave enhancements of 0.96x + 0.08x, 1.05x + 0.11x, and 1.67x
0.14x with concentrations of 1uM, 10uM, and 100uM, respectively. Theophylline as the target
showed enhancements equal to 0.92x + 0.13x, 0.96x + 0.11x, and 1.3x + 0.16x the baseline, with
concentrations of 1uM, 10uM, and 100uM, respectively.

Concentration Dependence of Fluorescence
Enhancement with the Theophylline Aptamer
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Figure 20. Concentration dependence of the fluorescence enhancement of the theophylline
aptamer. Theophylline as the target gave fluorescence of 0.85x £ 0.02x, 0.91x + 0.05x, and
1.44x + 0.02x with concentrations of 1uM, 10uM, and 100uM, respectively. Caffeine as the
targets showed fluorescence equal to 0.85x + 0.03x, 0.96x + 0.01x, and 1.7x + 0.07x the
baseline, with concentrations of 1uM, 10uM, and 100uM, respectively.
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The concentration dependence experiments showed an increase in the fluorescence
output that was only minimal in concentrations up to 100uM. These experiments were done to
determine whether we would be able to observe a greater difference in the results for specific
and nonspecific targets at lower concentrations. Results showed no significant difference at any

of the lower concentrations that were assayed.

Target Effect on Fluorescence
The final experiments that were conducted were done so without including graphene oxide.

These were done to assess how the targets may be directly impacting the relative fluorescence;

results are given in Figure 21.

Direct Effect of Targets on Fluorescence
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Figure 21. This figure shows how the target by itself affects the relative fluorescence. The
samples of caffeine with the caffeine aptamer showed an average fluorescence of 1.12x + 0.03x
the baseline. The samples of theophylline and theophylline aptamer showed an average
fluorescence and 1.06x £ 0.08x the baseline.
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Results presented in Figure 21 suggest that the structure of the target being used in the
sensor may have a direct effect on the fluorescence of a sample. Though no GO was used in
these samples, adding each of the targets induced a small amount of fluorescence
enhancement of the fluorophore. The actual cause of this change may be due to the structure
of the target, and potential interaction with the aptamer or the fluorophore itself, though

additional studies would be required to draw an exact conclusion.

Conclusions
The graphene-oxide based fluorescent sensor proposed here has the potential to be

used for the detection of small molecules. It is, however, important that non-specific
desorption of the aptamer of choice is studied thoroughly before using the method as
described. The experiments reported in these works show that caffeine is able to displace
aptamers from the graphene oxide surface quite well, suggesting a strong interaction between
graphene oxide and caffeine. Studies with adenosine show such an interaction as well, with
even higher levels of nonspecific dissociation than with caffeine. If no such interaction exists
between GO and the target of interest, this method may be useful for future iterations of small
molecule detection. Blocking with BSA was studied, as an attempt to improve the sensitivity
and selectivity of the sensor. Despite the results showing an increase in sensitivity of the
sensor, a decrease in the selectivity of the sensor was also observed. Further research on this
topic could be done to determine if there is an alternative molecule that can be used as a
blocker, to both improve sensitivity of the sensor, for a lower detection threshold, while also

decreasing nonspecific binding, to maintain selectivity of the sensor.
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Experimental section
Fluorescence analysis

Each of the fluorescence analyses presented were performed using a Tecan Spark fluorometer,
with a gain value of 118. An excitation wavelength of 485nm was used, along with an emission
wavelength of 535nm; this is the emission spectra of FAM that provided the least overlap
between emission and excitation, allowing for more reliable data. The pH was maintained at

7.5, using a HEPES salt buffer.

Experimental conditions had probe DNA at 20nM, 20mM HEPES buffer (pH 7.5), 100mM NaCl,
and 1mM MgCl,. Each DNA, buffer, salts, and GO were mixed, and allowed to react for 30
minutes. Once 30 minutes had elapsed, 90uL of sample was measured on the fluorometer
every 20s for 5 minutes; the average baseline fluorescence was recorded as the average
fluorescence output of these 5 minutes. Finally, target was added to each sample, and

fluorescence was monitored every 20s for 30 minutes.

The aptamer sequences used for these experiments were purchased from Integrated DNA
Technologies. The sequence of the caffeine aptamer was 5" —GAC GAC TAC GGA GTT TTA GCC
GTCACG TTC CCA GGA GTCGTC -3’

The sequence of the theophylline aptamer used was 5° —GAC GAC GAT TGT GGT CTATTC ATA
GGC GTC CGCTGA GTCGTC -3’

The sequence of the 002 24-mer sequence was 5" ACG CAT CGA CAA AGA GAA CCT GGG 3’

The HEPES (4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid) salt, NaCl and MgCl,, BSA and
GO were purchased from Sigma-Aldrich. MilliQ water was used to make all salt solutions,

samples, and buffers.
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Optimization of Sensor Conditions — Order of Addition
The order of addition was optimized in tandem with the optimization of graphene oxide. In

early iterations of these methods, the samples were reacted with GO while in the fluorescence
reader plate. Although this allowed us to observe the kinetics of the interaction of GO with the
aptamer, having the sample in the plate for extended periods of time caused a decrease in the
fluorescence of the freely dispersed aptamer. This decrease was likely due to the adsorption of
the aptamer onto the plate. Because of this, in further experiments, GO and aptamer were
allowed 30 minutes to interact in a microfuge tube before fluorometry analysis. This served to
decrease the time spent in the plate, thus decreasing unwanted adsorption of the aptamer to

the plate itself.

Additionally, when BSA was used, it was added 30 minutes after adding GO. If BSA is
added prior to the aptamer, GO may preferentially interact with BSA instead of the aptamer,
causing a decrease in quenching, which would introduce too much undesired variability

between samples.

Polyethylene glycol (PEG)
A problem that was consistently occurring in the first iterations of the sensor is that the control

mix had decreasing fluorescence despite there not being any GO in the sample. The likely cause
of this was the adsorption of the aptamer onto the fluorescence plate. To help mitigate this,
PEG200 (0.001%) was included, to act as a protective coat to prevent adsorption of the aptamer

onto the plate.
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Another way to mitigate the unintended decrease in fluorescence was to alter the order
of addition. Kinetics experiments showed that the quenching by graphene oxide stabilized after
approximately 30 mins; to avoid having the samples in the plates for more time than was
necessary, a mix of all reactants was made, including graphene oxide, and was allowed to

interact for 30 mins before any fluorescence measurements were taken.

Graphene oxide (GO) Optimization
The optimization of graphene oxide was done to determine the amount of GO needed to

achieve approximately 90% quenching. If graphene oxide were added in excess, there would
likely be interaction of the targets with the excess GO as opposed to with the aptamer as
intended. If insufficient GO is added, then the background fluorescence would be too high,

which decreases the accuracy and reliability of the results when adding our target.

To optimize graphene oxide, kinetics experiments were done, with conditions to mimic
those intended for use in the sensor. This meant a reaction with an aptamer concentration of
20nM, a HEPES (pH 7.5) concentration of 20mM, 100mM NaCl and 1mM MgCl,. Graphene
oxide concentrations were varied from 1-4puL of 0.25mg/mL of GO per 100uL of sample.
Concentrations were recorded as volumes for simplicity when optimizing the GO concentration.
These experiments were done to determine how much GO was needed for the desired level of

guenching, as well as the amount of time required for quenching to plateau.

Optimization experiments showed that the ideal concentration of graphene oxide for
these aptamers was 2L of GO per 100uL of sample (or 5ug/mL) for our 002 sequence, and 3L

per 100uL of sample (or 7.5ug/mL) for the caffeine, theophylline, and adenosine aptamers,
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when using an aptamer concentration of 20nM. The caffeine, theophylline, and adenosine
aptamers had higher baseline fluorescence for freely dispersed aptamer, and thus required a

higher amount of GO in order to be quenched to the appropriate degree.

Bovine Serum Albumin (BSA) optimization
Like experiments for GO optimization, BSA optimization was done with conditions that

mimicked those intended for use in the sensor. A control mix, that included all reactants other
than GO was made for comparison. GO mixes were made, which consisted of 20mM HEPES,

100mM NacCl, ImM MgCly, and 7.5ug/mL GO as the final concentrations; mixes were made to
have a volume of 450uL, to be topped up to 500uL total, once BSA was added (concentrations

shown are calculated assuming a 500uL final volume).

Samples were first allowed to react with graphene oxide for 30 minutes. Once 30
minutes had elapsed, samples were measured for five minutes on the fluorometer to create a
baseline for comparison; finally, 10uL of BSA was added to each of the samples of GO mix,

which were then measured on the fluorometer for 30 minutes.

The optimal concentration of BSA is one that induces only a minimal increase of
fluorescence. The reason for this is that we want to determine how much BSA is needed to “fill”
the empty spaces on the graphene oxide latices left by our aptamer. If too much BSA is added,
we will get a large increase in fluorescence, meaning that a large amount of aptamer has been
displaced from the surface of GO. If insufficient BSA is added, we will observe no signal change,
which indicates that there are still empty spaces on the surface of our GO latices where the
target may be able to adsorb. The adsorption of our target onto the GO surface can alter the

concentration of target needed to observe a change in fluorescence. Ideally, the least amount
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of target that adsorbs onto the GO, the lower the detection limit will be. Blocking offered by

BSA has the potential to also help decrease nonspecific dissociation of our aptamer.

BSA optimization and kinetics experiments showed that BSA-induced fluorescence
enhancement stabilized 45 minutes after addition. Thus, when BSA was used, samples were

allowed to react for 45 minutes before fluorescence was measured.
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