Development of Aptasensors

for Steroidal Hormones

by

Omar Ahmed Alsager

A thesis
submitted to the Victoria University of Wellington
in fulfilment of the
requirements for the degree of
Doctor of Philosophy
in School of Chemical and Physical Sciences.

Victoria University of Wellington
2015



Abstract

Aptamers are synthetic nucleic acid single stranded (ss)DNAs or RNAs that can
bind with high affinity and specificity to a broad range of targets, including pro-
teins and low molecular weight molecules. This work presents the design, de-
velopment and implementation of novel aptamer based sensors (aptasensors) for
the detection of a target of environmental and medical significance - 17-3 estra-
diol (E2). By combining a previously isolated E2 binding 75-mer ssDNA aptamer
with a variety of different signal transducers, E2 was successfully detected and
quantified below the environmental and biological relevant concentrations. By
applying the same aptamer to different sensor formats, the advantages and dis-

advantages of each signal transduction mechanism were compared.

Target-induced conformational switch within an aptamer molecule can be trans-
duced via labelling different sections of the aptamer with pairs of fluorescent
dyes or with a redox probe, however those strategies require detailed knowledge
of specific aptamer conformations and target interaction sites. Herein, a label
free method is developed - size based aptasensor described in Chapter 2. The
new method only depends on the general property that small molecule binding
aptamers adopt a more compact folded structure when they bind to their tar-
get. Dynamic light scattering (DLS) and tunable resistive pulse sensing (TRPS)
were used to probe recognition events between E2 and aptamers conjugated to
carboxylated polystyrene nanoparticles (NPs). Upon E2 recognition, a distinct
reduction in size and a less negative surface potential of the conjugated particles
were observed, which can be correlated to the concentration of E2 in the lower

nanomolar range (as low as 5 nM).

On-site monitoring of E2 requires rapid and sensitive screening methods with
minimal instrumentation. Previously, gold nanoparticles (AuNPs) were exploited
in the construction of colorimetric aptasensors for different targets. Aggregation
assays produce colorimetric signals observed by naked-eye when target-bound
aptamers dissociate from AuNP surfaces, triggering aggregation. However, it is
unknown how the length of aptamer sequences affects their dissociation from
AuNP surfaces and subsequent aggregation. Chapter 3 demonstrates the benefit



of editing aptamer sequences with specific regard to the way signals are trans-
duced in AuNP based colorimetric assays. The 20 flanking nucleotides to the
35-mer inner core of the parent 75-mer aptamer were eliminated. The 35-mer
aptamer has a lower dissociation constant Kp (14 nM vs. 25 nM), improved dis-
crimination against other steroidal molecules and greatly improve the sensitivity
for E2 detection from 5 nM to 200 pM. In fact, this simple strategy enabled facile
detection of E2 in urine at 5 nM, approaching levels of biological relevance.

There is a pressing demand for methods with accurate and rapid performance to
detect and quantify E2, at levels comparable or even below the biological concen-
trations to eliminate pre-concentration and sample purification process. Existing
electrochemical aptasensors feature DNA probes covalently tethered to various
surfaces including gold and conducting polymer electrode. An electrochemical
impedance spectroscopy (EIS) based sensor was created using nanoporous con-
ducting polymer electrodes functionalized with the 75-mer aptamer. The one fM
detection limit found is one order of magnitude lower than the recorded biolog-
ical level. As a novel alternative approach, sensing electrodes were also created
via the non-specific adsorption of the 35-mer onto Au and Au nanoparticle elec-
trodes. This approach, described in Chapter 4, led to the same level of detection
as the conducting polymer aptasensor, but via a mechanism with similarities to
the colorimetric sensor. Non-specific adsorption of aptamers to Au was found
to play additional favourable roles including self-passivation and stabilization
of Au nanoparticle based electrodes. Sensing with this format might remove
the need for laborious surface passivation with alkylthiol molecules encountered
with the conventional covalent attachment of the DNAs through thiol-linkers.

In general, the reported aptasensors provide efficient means to detect the steroidal
molecule E2 as well as advance the understanding of aptasensors by compar-
ing the performance of the same aptamer in various sensing platforms. Long
aptamers sequences appeared to be more efficient in signal transduction when
specific surface tethering is involved, as in the size-based assay, and the elec-
trochemical assay with aptamers covalently tethered to the electrode. Here, the
non-binding flanking nucleotides, i.e. nucleotides adjacent to the target binding
pocket, appeared to amplify the sensing signals. However, shorter truncated se-
quences showed better performance when signal generation depends on surface
dissociation of non-specifically adsorbed aptamer sequences, as in the colorimet-
ric assay, and the electrochemical sensor constructed from adsorbed aptamers.
These insights can be readily applied to aptasensors for the growing range of

targets.
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Chapter 1

Introduction

1.1 Background

This chapter will firstly introduce the concept of biosensing and the various av-
enues within this field. The use of biomolecules, specifically aptamers, as recep-
tors in biosensing will be reviewed as well as the implementation of aptamers
with various sensing schemes. Research problems and objectives will be estab-
lished at the end of this chapter.

1.1.1 Biosensors

A biosensor is defined as an analytical device that joins a signal transducer with
a biological, or a biologically driven, sensitive and selective recognition element.
When a given target analyte interacts with the recognition element, a binding
event occurs, generating a signal which is related to the concentration of the tar-
get at the transduction level. Biosensors are constructed to measure targets of
medical and environmental significance at a cost comparable to, or better than,
traditional analytical techniques.” Biosensors can be classified in two categories:
based on the type of transduction technique being optical, electrochemical, mass,
size and others or based on the type of the recognition element being antibodies,
enzymes, aptamers and others as illustrated in Fig.



|(—{ Classification of biosensors W

| Based on the recognition element | | Based on the transducer |

I
| Aptamer (DNA or RNA) | | Enzymes | | Optical | | Electrochemical | | Mass based |
| Size | | Other |

Figure 1.1: Schematic of the classification of biosensors schemes.

Amongst the other recognition elements, aptamers are an emerging class of molecules
with several important advantages, reviewed in Section More importantly,
and of relevance to this project, aptamers are efficient in binding not only to
large targets, such as proteins® and cells® but also to small molecules, such as nu-
cleotides, organic dyes, amino acids,* metal ions,” and molecules of environmen-
tal significance.®® However, antibodies and other recognition element classes are
generally efficient in binding large molecules which are more structurally compli-
cated.” Therefore, aptamers open great opportunities to detect small molecules in
a sensitive, selective way, with low detection limits."” Aptamers have been com-
bined with a diverse range of transduction methods (shown in Fig. targeting
a wide range of analytes of medical, biochemical, food and environmental impor-

tance 416/10H12

Selected transduction methods that integrate aptamers and their constructions
will be reviewed in Section Nanomaterials exhibit novel optical, electro-
chemical and surface properties making them well-suited for sensing applica-
tions.™? In recent years, there has been great progress in the investigation of the
potential integration of nanomaterials in biosensors. Attempts were made to im-
prove the sensitivity and eliminate the nonspecific binding between the recog-
nition elements and the sensor surfaces.™ Various types of nanomaterials such
as AuNPs, carbon nanotubes, organic nanoparticles, magnetic nanoparticles and
quantum dots (QD) have been frequently incorporated in biosensors.™ Selected
examples, of relevance to this thesis, of the integration of nanomaterial with ap-
tamers will be briefly reviewed in Section of the present Chapter.

1.1.2 Aptamers

Before the discussion of aptamer background and various processes involved, the
basic properties of deoxyribonucleic acid (DNA) are reviewed. It should be noted
that the focus of this thesis is the use of ssDNA aptamers, therefore, RNAs are not



reviewed.

Overview of DNA

From a chemical point of view, DNA is a polymer consisting of a four types of
deoxyribonucleotide monomers distinguished by their nitrogen bases, adenine
(A), thymine (T), cytosine (C), and guanine (G) (each monomer is made of a ni-
trogen base, a deoxyribose sugar, and one phosphate group).*® In the double-
stranded structure (dAsDNA), the nitrogen bases are embedded and only the neg-
atively charged phosphate groups are exposed for maximal protection of genetic
information. However, single-stranded (ss)DNAs, Fig. expose both phos-
phate groups and nitrogen bases with less structural rigidity than dsDNA. At
neutral pHs, the nitrogen bases are non-charged and the DNA is highly neg-
atively charged with number of backbone charges equal to n-1 where n is the
number of monomers (pK, of phosphate backbone is around 2).1® ssDNAs can be
chemically synthesised with high throughput, with arbitrary sequences becom-
ing available and able to be amplified (generation of identical copies) in vitro by

polymerase chain reaction (PCR)."
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Figure 1.2: ssDNA containing the nitrogen bases. 5" end and 3’ end indicate the
beginning and ending points of the ssDNA.



Aptamer selection and application

Aptamers are single stranded oligonucleotides (ssDNA or RNA) analogous to
antibodies. They were discovered in 1990 by two independent research groups,
Tuerk and Gold and Ellington and Szostak.’®* Aptamers are generated by a rev-
olutionary process called systematic evolution of ligands by exponential enrich-
ment (SELEX) to specifically and selectively bind targets. SELEX involves 10-20

rounds of the in vitro selection processes, starting with a random pool of synthetic
1015) #8120

° Target

Amplification of Incubation of pool
selected nucleic with target
acids
Nucleic Acid Pool

Y " v One round of SELEX 4 s'
Removal of unbound
nucleic acids
Elutlon of nucleic acids
from target
N

and random oligonucleotide strands (10**-

{

o
Figure 1.3: Typical round of SELEX starting with 10'*-10" random DNA se-
quences and the incubation with the immobilised target molecule. Unbound se-
quences are removed and the bound ones are eluted and amplified for further
SELEX selection rounds.” Figure is reported with permission from Elsevier, ref-

erence.*

Fig. [1.3|shows a typical round of SELEX, where the target analyte is immobilised
on a solid surface followed by incubation with a pool of oligonucleotides. After
incubation, sequences that have affinity towards the target will bind and the un-
bound sequences are washed (removed) from the reaction mixture. The bound
sequences are eluted and subjected to PCR amplification. After a given number of
SELEX rounds, the ssDNA library is refined and only those few oligonucleotides
with the highest affinity are selected and sequenced. Finally, the dissociation con-
stants (Kps) are determined for those sequences interacting with the target.*

Aptamers (also called functional nucleic acids) can interact and bind to a specific
analyte, resulting in a conformation change (conformational transition). Like pro-
teins, aptamers can fold into secondary and in some cases tertiary structures char-
acterized by stems and loops that could perform a variety of roles including target
recognition,?! Fig. [1.4| (the example given in the figure is for an aptamer interact-

ing with an arbitrary large target). Target recognition could result from structure

4



compatibility, stacking of aromatic rings, electrostatic and van der Waals inter-
actions, and hydrogen bondings, or from a combination of these effects.”* Since
their first discovery, aptamers have been selected to numerous targets of medical,
industrial, and environmental importance ranging in molecular size from ions to
entire cells. Of the existing aptamers, 71% have been selected for proteins, 19%

for small molecules, 7% for virus and the remaining for ions.”

Loop

Folding Recognition
e

\ 4

Stem

Figure 1.4: Schematic representation of aptamer functionality based on a complex
3D structure including stems and loops. The aptamer is interacting with a large
target in this case.

Aptamers have been generated for a wide range of targets, with excellent speci-
ficity and with Kps ranging from mid-lower M to pM concentration range.*#24
Large targets, including proteins, provide multiple interaction sites (some targets
interact with their aptamers in a molar ratio of 1:2 respectively) and low Kps are
achieved. Despite the small molecular sizes and less interacting sites of some tar-
gets, many aptamers have been isolated with specificity and Kps in the low nM

27‘23

range such as the aptamers specific for E and ethanol amine.?

Aptamers versus antibodies

Although antibodies have been considered as the standard molecular probes for a
long time (since the 1950s), aptamers provide the new emerging molecular recog-
nition technology. They provide numerous practical and scientific advantages in
comparison to antibodies. Their in vitro generation allows them to be generated
in shorter time, for toxic targets and in theory for any given target. Aptamers
can be generated to perform under elevated temperatures and pHs and in non-
physiological environments. They have higher resistance towards degradation,
i.e., losing the ability to recognise the target via denaturing. Aptamers can be de-
natured and renatured in a reversible manner while maintaining their biological
function. Once an aptamer is identified, it can be synthetically obtained in large

quantities and easily modified with fluorescent dyes, linker groups (such as SH



or NH,), electrochemical or Raman active groups, from commercial sources. Ap-
tamers in general undergo conformational changes upon target binding which
allow them to be successful biological reporters in biosensors.”**!' Their small
size (<10 kDa, and antibodies ~ 155 kDa) makes them more applicable for elec-
trochemical based transduction which is sensitive to binding events within the
Debye length.?> The Debye length defines a screening distance of surface excess
charges. It depends on the ionic strength of a solution and is mostly less than a

nanometer in biological buffers.>

On the other hand, the in vivo generation (using a living species) of antibodies
limits them to targets with no or minimal toxicity and adverse immune responses.
The immunogenic generation of antibodies takes a long time and suffers from
batch-to-batch variation. Antibodies are proteins that generally have large hy-
drophobic cores, thus they are subject to aggregation, degradation, and loss of bi-
ological function upon operation in elevated temperatures or non-physiological
conditions.? The typical size of antibodies vary from 10 nm to 15 nm indicating
that recognition events occur outside the Debye length, where electrochemical
based sensing takes place.?” Sensing with antibodies does not produce reportable
(as in the case with aptamers) conformational changes and is mostly transduced
via sandwich based assays where interaction with a secondary antibody is re-
quired. Examples of this type include the early pregnancy test using a lateral

flow immune assay.?”

Therapeutic and biological application of aptamers

Beside their potential use for sensing, aptamers have shown considerable promise
in medical and pharmaceutical applications. Due to aptamers” high affinity and
selectivity they can be used as drug delivery as well as therapeutic agents.?®

1.1.3 Aptamers in biosensors

This section provides a brief literature review of different transduction techniques
incorporating aptamers as the recognition elements. These techniques are opti-
cal, electrochemical, lateral flow, and size based transduction methodologies. The
focus will be localised on the general schematic and construction components of
the sensors, detection limits, limitations, advantages and disadvantages in com-

parison with other techniques.



Optical aptasensor (fluorescence: turn on and turn off mechanisms)

Optical detection by fluorescence is one of the most popular signal transduction
methods due to the availability of many fluorophores and quenchers and the ease
with which aptamers can be modified for application in these systems. Recogni-
tion responses are translated based on quenching (giving a negative response)
or enhancement (de-quenching and giving a positive response). However the
systems can suffer due to the limitations of organic fluorophores including lim-
ited signalling ranges, high detection limit and self-quenching.” Alternatively,
QDs are inorganic semiconducting NPs that overcome the limitations encoun-

tered when using organic dyes.*”

Chen et al.*" reported in solution optical sensing of Ochratoxin A (OTA), a com-
mon food contaminant. Fluorescein-labeled OTA aptamer was hybridised to a
complementary DNA (cDNA) strand containing a quencher moiety, which brought
the fluorophore and quencher into close proximity and quenched the fluores-
cence of the fluorescein as shown in Fig. [I.5a. Structural switching of OTA ap-
tamer was triggered by the introduction of the target which released the cDNA-
quencher from the fluorescein-labeled aptamer. Based on this de-quenching mech-
anism, OTA was detected selectively (against structurally similar compounds)
down to 1.9 nM with a dynamic range from 2.4 to 247.6 nM.

Another approach of transforming aptamer signals by fluorescence is to modify
the aptamer with a fluorophore and quencher at particular positions within the
aptamer. Conformational changes induced by the target recognition bring the flu-
orophore and quencher into close proximity which terminates the fluorescence.
This mechanism is represented by the work reported by Stojanovic et al.*" for the
detection of cocaine, Fig. [.5p. Cocaine was detected selectively down in the M

range and the sensing was also achieved in serum.

Instead of fluorescence turn off, Yamamoto and Kumar®? established a different
molecularly engineered (RNA) aptamer biosensor for the detection of Tat pro-
tein of HIV. As shown in Fig. [I.5c, the aptamer sequence was constructed in
a molecular beacon-like, hairpin structure, and end labelled with a fluorophore
and a quencher. When Tat was introduced, it disrupted the stem, releasing the
fluorophore from the quencher and leading to an enhancement of the fluorescent

signals, attaining qualitative detection.

Levy et al.* used QDs (zinc sulfide shell with either cadmium selenide or cad-
mium telluride) for the detection of thrombin. As shown in Fig. [I.5d, thrombin
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Figure 1.5: Schematic illustration of various sensing strategies employing ap-

tamers and optical sensing based on fluorescence. a) A fluorescently labeled
aptamer for OTA sensing based on the displacement of a quencher-labeled com-
plementary DNA upon target recognition.”” b) Cocaine aptamer modified with a
fluorophore and quencher, where recognition of the target brings the fluorophore
and quencher into close proximity.*! ¢) Molecular beacon-like RNA aptamer la-
belled with a fluorophore and quencher for the detection of Tat protein based on
the de-quenching mechanism.*? d) QD aptasensor for thrombin detection, based
on the displacement of a complementary DNA with a quencher previously hy-
bridized to thrombin aptamer-linked to QD.*” F = fluorophore and Q = quencher.
Stars represent small targets and starbursts represent large targets.

aptamer was linked to the QD through streptavidin-biotin interaction. A comple-
mentary DNA fragment containing a quencher was hybridised to the thrombin
aptamer allowing energy transfer and quenching. When thrombin was intro-
duced, the DNA fragment containing the quencher was released resulting in an
increase of fluorescent intensity (signal turn-on). The sensor showed specificity

when examined against nonspecific protein (Lysozyme).

Various aptamers have been engineered with fluorescence based detection and



insightful mechanistic steps involved during the recognition were revealed.*! Si-
multaneous detection of multi-target detection using aptamers-integrated with
different fluorophores has been achieved.** However, alternative sensing schemes
have to be developed to overcome a number of drawbacks. It is often difficult to
design appropriate labelling strategies due to the lack of certainty of the target
binding sites and accurate prediction of the conformational changes. Fluorescent
labels have to be involved which is not always convenient for binding and could
hinder the target recognition. The use of QDs involves some drawbacks such as
the toxicity of heavy metals, decomposition, and aggregation.

Optical aptasensor using nobel metal nanoparticles (absorption: aggregation
and de-aggregation mechanisms)

AuNPs have received tremendous attention in optical colorimetric biosensors
due to their size and proximity dependent optical properties. Surface plasmon
resonance in AuNPs (oscillations of the conduction electrons at the surface of
NPs) occurs when the electric field of incident light displaces the electron cloud
from equilibrium by excitation, the positive nuclei then act as a restorative force,**
as shown in Fig. Small particles are dominated by absorption effects whereas
larger particles are dominated by scattering. Therefore, stabilised gold nanopar-
ticles often exhibit somewhat sharp absorption peaks while aggregated particles
are characteristically broad. The color of the colloidal gold solution (size range
of 10-50 nm) changes from red (maximum peak absorption at 525 + 5 nm) to
purple/blue (appearance of a second band at 625 + 5 nm) during AuNP aggre-
gation.®®® AuNPs have high extinction coefficient, over 1000 times higher than

that of organic dyes,*” which makes them attractive signaling agents.

The key to a successful AuNP-based colorimetric sensor is the control of the col-
loidal AuNP dispersion and aggregation with analyte recognition. The stability
of AuNPs depends on the net balance between interparticle attractive and repul-
sive forces. The most widely used method to prepare AuNPs is the citrate reduc-
tion method which produces AuNPs stabilized (against van der Waals attraction-
induced aggregation) by the negatively charged citrate ions weakly adsorbed on

the surface in water.2%*!

In 2004, Huixiang et al*"? reported that ssDNA and dsDNA have different ad-
sorption properties onto citrate capped AuNPs. Unlike dsDNA, ssDNA can non-

specifically adsorb onto the surface and stabilize the particles against salt induced
aggregation. They were able to establish a colorimetric hybridization assay to de-
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Figure 1.6: Surface plasmon resonance of AuNPs. Oscillation of the free conduc-
tion electrons in the AuNPs due to strong coupling with incident light.

tect DNA sequences down to the femtomole quantity as depicted in Fig. [I.7p.

Aptamers possess the ability to undergo a conformational change, induced by the
target binding, from free uncoiled to folded structures. The integration of AuNPs
and aptamer’s target-induced conformational switch was the basis of many col-
orimetric aptasensors for small targets such as the detection of bisphenol A (LOD
= 0.44 nM),** Potassium (LOD = 1.7 mM),” and Ochratoxin A (LOD = 20 nM)**
and large targets such as the detection of thrombin* following the mechanism
shown in Fig. [I.7b. In this scheme, the aptamer is non-specifically adsorbed on
the surface of the citrate caped AuNPs via the the nitrogen bases of the DNA.
The adsorption of the aptamer maintains the red color of the colloidal solution
at reasonably high salt concentration. However, the target induced conforma-
tional change within the aptamer leads to desorption of the aptamer from the
surface. Subsequently, AuNPs aggregate in response to the target turning the col-
loidal gold solution to purple/blue. The sensitivity of this assay type could be
enhanced by optimising the concentration of the particles, the concentration of

the aptamer, and the concentration of the salt.”##>

The target analyte can act as a cross-linking agent that will trigger aggregation.
Thrombin aptamer interacts with the target in a molar ratio of 1:2 respectively.*
After immobilisation of the aptamer on AuNPs through thiol-Au bonds, the ad-
dition of the target induced AuNP-aptamer aggregation (Fig. [1.7c) enabling the
detection of thrombin as low as 5 pM.#

Aggregated AuNPs, i.e. cross-linked by an aptamer, can be driven towards dis-
persion upon target recognition. Liu et al.*” developed a method to detect adeno-
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Figure 1.7: Schematic illustration of various sensing strategies employing AuNPs

for colorimetric sensing. a) Sensing DNA based on the different adsorption prop-
erties of ssDNA and dsDNA.*? b) Target-induced conformational change which
is the basis of a number of colorimetric sensors for small targets including Ochra-
toxin A.** ¢) Thrombin causes the aggregation of AuNP-aptamer by interacting
with the aptamer in a molar ratio of 1:2 respectively.*® d) Adenosine aptamer
(green line) used to hybridise and cross-link two complementary sequences (or-
ange and black lines) coupled to AuNPs. Recognition of adenosine releases the
complementary sequence adjacent to the binding cavity and breaks down the ag-
gregates.*” Red circles = monodispersed AuNPs and blue circles = aggregated

AuNPs. Stars represent small targets and starbursts represent large targets.

sine triphosphate (ATP) starting from aggregated AuNPs. In Fig. [L.7d, the ATP
aptamer was extended at the 5" end and was cross-linked to two complementary
sequences (black and orange lines) previously coupled to AuNPs (via thiol-Au
chemistry), thus producing blue colored suspension of aggregated AuNPs. When

ATP was introduced at mM concentration, the aptamer (green line) folded on the
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target causing the complementary sequence adjacent to the binding pocket (black
line) to dissociate at room temperature. The target concentration was monitored
quantitatively according to the change in absorbance ratio (absorption at 522 nm/

absorption at 700 nm).

Overall, AuNP based colorimetric aptasensing is considered to be rapid, sim-
ple, sensitive and cost effective approach to detect small and large targets. The
examples discussed here outline the detection in water-based samples (buffered
solutions or environmental samples). Detecting in complex samples has yet to
be demonstrated (such as detection in urine or blood). Major drawbacks of the
AuNP based colorimetric sensing include lack of operation in non-transparent
samples, and vulnerability to non-specific aggregation induced by high ionic
strength samples. With regard to AuNP based colorimetric assay for small molecules,
signal transduction depends on the dissociation of the aptamer from the surface.
Previous studies included various aptamers with different lengthes. Excess bases,
outside the target binding pocket, may be innocent with respect to target bind-
ing affinities,*** their effect on signal transduction is expected to depend on the
sensor format used. Further investigation of the length of aptamer sequences on
AuNP based colorimetric assay should be considered.

Lateral flow assay (LFA)

The lateral flow Aptasensor (LFA), also called a dipstick, is among the vast grow-
ing strategies for qualitative (yes/no type assay) and occasionally quantitative
analysis. LFA’s simplicity and instantaneous results promote it to fulfill the de-
mands for point of care and on-site testing. LFAs unparalleled successes in the
qualitative pregnancy and sugar immune-sensors make them potentially adapt-

able to the detection of other targets.”?

The signal transduction is based on a combination of chromatography (separa-
tion of different components based on differences in their movement through a
porous membrane) and antigen-antibody properties (or aptamer target interac-
tion). LFA conventionally comprises of four parts - sample pad, conjugate pad,
test pad (containing test and control zones) and absorbent pad as depicted in Fig.
[1.82.5% AuNPs are the most widely used signal source in LFA due to their high

extension coefficient and ease of functionalisation.>*

The targeted analyte in a liquid solution is introduced to one end of the test strip
and migrated to the other end of the strip by capillary force. Large targets can
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Figure 1.8: Schematic illustration of lateral flow assay. a) Different parts com-
prising the test strip. b) Sandwich assay type where the presence of the target
is indicated by the formation of the test line (resulting from target mediated hy-
bridisation between the recognition element on the particles and the recognition
element on the strip). c) Competitive assay type where the presence of the tar-
get is indicated by the disappearance of the test line. The control line is formed
regardless of the presence or absence of the target. Stars represent small targets

and starbursts represent large targets.

be detected based on a sandwich type assay because of their ability to bind two
probes immobilised on the test zone and AuNPs, as shown in Fig. [1.8p. Examples
of this type includes the detection of thrombin with a limit of detection down to
2.5 nM. Competitive assay format is more suited for targets with low molecular
weight as depicted in Fig. [I.8. Ochratoxin A (OTA) was detected by a compet-
itive assay where the test and control lines are complementary sequences to the
core region (target binding pocket) and 3" end of OTA aptamer.” The presence of
OTA, as low as 2.5 nM, induced a conformational change making the core region
unavailable for the test line while the availability of the 3" end to the control line

is not effected.
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Electrochemical aptasensor

Electrochemical based sensing presents some advantages compared to other trans-
duction methods especially readability of signal transduction, high sensitivity,
speed and accuracy, and easily integrated with aptamers and nanotechnology.
The biological event can be transduced by either labeling the aptamer with a re-
dox active labels (e.g. ferrocene or methylene blue) or by label free methods when
monitoring the kinetics of a redox active species diffuse in the solution (e.g. fer-
rocyanide/ferricyanide redox couple).”*>" Electrochemical cells with three elec-
trode configuration are frequently used. A gold electrode (or a modified form) is
usually used as the working electrode and hybridised with recognition elements.
Electrochemical signals generated from the recognition interactions of aptamers
and their targets can be monitored using amperometric, potentiometric, and im-

pedimetric techniques.>>2

Selected examples of the construction of electrochem-
ical aptasensors towards the analysis of some targets will be reviewed in this

section.

Ultra-sensitive detection of a small molecule OTA®® was accomplished by la-
belling the OTA aptamer with, an electrochemically active label, methylene blue
(MB) and immobilising on gold electrode using thiol-gold coupling. As shown
in Fig. .9, in the absence of the target OTA, the aptamer brings MB into close
proximity to the electrode surface resulting in a maximum current (detected us-
ing square wave voltammetry). Upon introduction of the target, the aptamer un-
dergoes a conformational change, placing the MB away from the electrode and
minimising the electron transfer, signal off based sensing. OTA was detected
down to the 0.25 pM in wine samples. Xiao et al.** reported on the detection of
thrombin in blood serum using the same strategy.

On the other hand, the structural change in the aptamer upon target recognition
could produce a conformation that enables enhanced electron transfer. Throm-
bin aptamer was modified with ferrocene (FC) label and self assembled on gold
electrode via thiol-gold bonds. The aptamers switched their conformation from
random coil-like configuration to the quadruplex structure upon thrombin recog-
nition as depicted in Fig. [[.9p. Thrombin was detected as low as 0.5 nM and up
to 35 nM (using differential pulse voltammetry). The sensor could be regenerated
up to 25 times with no loss of sensitivity.* The same strategy was adopted for the

detection potassium ions in the mM range by the same group.®

Electrochemical impedance spectroscopy (EIS), discussed in depth in Chapter 4,

is an alternating current (AC) method that measures electrochemical components
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Figure 1.9: Schematic illustration of various electrochemical sensing strategies. a)
Signal off approach for the detection of a target is based on the displacement
of a redox active label away from the electrode (orange 3’ end tag). b) Signal
on approach. The recognition of the target induces a conformation that brings
the redox label into close proximity and enhances the electron transfer. c) Label
free approach where target recognition induces a more compacted structure of
the aptamer that limits the accessability of the redox couple Fe(CN)s *~/4~ to the
electrode surface. d) Label free approach where the recognition of the target in-
duces the release of a complementary DNA strand with the adsorbed [Ru(NH
3)6]>T molecules (orange rhombus). Stars represent small targets.

(including biological interactions) that impede the charge transfer resistance (Rer)
of a redox reaction at the working electrode. EIS was used to establish a label-free
electrochemical aptasensor for the detection of OTA.®” The OTA specific aptamer

was tethered to an Au electrode and the redox probe ions, Fe(CN)g 3~/4~

, were
diffused in the detection solution. Upon exposure of the modified Au electrode
to OTA, the aptamer-OTA complex was formed resulting in a new configuration
that hinders the accessibility of the redox prob to the electrode surface as shown

in Fig. [I.9c. Consequently, the Rt increased linearly as the concentration of OTA
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increased in the range of 0.12 to 0.40 nM. Other examples that used the same

sensing format include the detections of E2% and chloramphenicol.®

Label-free electrochemical aptasensing can also be established by monitoring the
dissociation of a complementary sequence upon recognition. Shen et al.”” fabri-
cated an electrochemical aptasensor for the detection of adenosine using a redox
mediator, [Ru(NH ;)s]*". RuHex was used as an electroactive complex which
was the key aspect of the sensor transduction mechanism. RuHex can bind elec-
trostatically to the anionic phosphate groups at the backbone of DNA. RuHex
has a well-defined peak in cyclic voltammetry (CV) at 0.2 V and is a characteristic
signature reflecting the amount of DNA strands coupled to the electrode surface.
When adenosine aptamer modified electrode was exposed to the target, the short
complementary DNAs were released together with the associated RuHex, shown
in Fig. [L.9d, leading to lower electrochemical signals. Adenosine was detected
from 0.1 to 1000 uM. It should be noted that the release of the complementary
sequence upon target detection can additionally be monitored by CV or EIS with
no need for the weakly adsorbed RuHex molecules as reported for the detection
of bisphenol A”' and adenosine, respectively.”*

Overall, electrochemical based aptasensing measurements are vast and can pro-
vide extremely low detection limits, for example attomolar detection limit has
been reported for thrombin.”! The integration of electrode surfaces with differ-
ent nanomaterials (such as AulNPs, QDs, carbon nanotubes, or nanostructured
conducting polymers) provides electrodes with a larger surface area, improved
surface reactivity, means of aptamer tethering, and rapid electron transfer. These
properties provide electrochemical aptasensor with adequate capability for ap-
plication of "real-world" samples with no need for extensive sample pretreatment
processes. However, laborious passivation steps are usually required with gold-
based electrodes to eliminate non-specific adsorption of the target or unknown

sample composition.

Size aptasensor (aggregation and other size based formats)

As mentioned previously, target induced conformational changes within the ap-
tamer molecules can be utilised in various sensing platforms. Small molecules,
such as hormones, adenosine and cocaine, interact within the aptamer binding
pockets. Since these molecules are structurally less complex, they provide single
site binding (1:1 aptamer : target molar ratio).”” In contrast, proteins, and other

larger targets are structurally more complex and could provide various sites inter-
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acting with the aptamer molecules through hydrogen bonds, electrostatic inter-
actions and shape complementarity, therefore dual-site binding is achieved (2:1
aptamer : target molar ratio).”” The latter is the key aspect of constructing size
based aptasensors where target binding can be used to cross-link and aggregate
a monodisperse NP population. There are other aptasensor formats that utilise
the size changes occurring on NP-aptamer conjugates induced by recognition of
specific targets. This section aims to provide examples how the change in size
of NP-aptamer conjugates can be used as a means of transduction of the binding

events.

Yang et al.”? provided the first aptasensor that used Dynamic Light Scattering
(DLS) in the signal registration and the detection of adenosine. Although adeno-
sine is a small molecule that provides a single site interaction with the aptamer,
it was detected using an aggregation type assay by the use of a special molecu-
lar engineering format. In the engineering of this sensor, the adenosine aptamer
was split into two ssDNA fragments and both hybridised to different AuNP pop-
ulations through a Au-thiol interaction. The presence of adenosine brought the
two types of AuNPs together causing the formation of AuNP aggregates as il-
lustrated in Fig. [[.I0a. The change in the average particle size by DLS can be
monitored as the recognition of adenosine occurs. The average size of AuNPs
increased accordingly as the concentration of adenosine increased. It was found
that adenosine could be detected as low as 7 nM with a logarithmic response
up to 80 uM. The method showed good specificity when uridine, cytidine, and

guanosine were examined.

DLS was also used as the readout technique in the patented work of Wanekaya
et al.” for the direct detection of thrombin, a molecule with a hydrodynamic
diameter of 4 nm.7? As shown in Fig. [1.10b, the thrombin aptamer was hybridised
to AuNPs (12.7 nm) and then exposed to serial dilutions of thrombin (1.4 to 47
nM). It was discovered that DLS is able to detect the increase in size of AulNP-
aptamer conjugates. It should be noted that the increase in the size is a result of
the formation of aptamer-thrombin complex and is not a result of NP aggregation.

Platt et al.”> constructed a novel aptasensor for the detection of platelet derived
growth factor (PDGF). PDGF interacts with its aptamer in a molar ratio of 1:2
respectively, allowing the design of aggregation assays. Magnetic rod shaped
Au-Ni particles were hybridised with PDGF aptamer. Tuneable resistive pulse
sensing (TRPS) that can measure the size and speed of NPs traversing through a
nanopore was used for signal readout (TRPS will be discussed in detail in Chapter
2). The size and speed were used to characterise the aggregates from the recogni-
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Figure 1.10: Schematic illustration of various size based sensing strategies. a) De-
tection of adenosine using split aptamer fragments tethered to different AuNP
populations, and aggregation caused by adenosine recognition.”” b) Thrombin
size aptasensor, recognition of thrombin caused an increase in the average hydro-
dynamic size of the hybridised AuNPs.”* ¢) Detection of platelet derived growth
factor (PDGF) using aptamer-modified rod shaped Au-Ni NPs and oriented ag-
gregation assay.”Stars represent small targets and starbursts represent large tar-
gets.

tion of PDGF down to the 10 fM concentration, as shown in Fig. . The sensor
showed excellent specificity against non-binding protein, bovine serum albumin
(BSA).

Aptasensors overview

Thus far, various types of aptasensor have been developed and the frequently
reported methods for the detection of small molecular targets were reviewed in
this chapter. The same 10-15 aptamers were always used to develop new sensing
platforms, despite the hundreds of aptamers currently available. These aptasen-
sors were classified on the basis of the detection technique; thus optical aptasen-
sors, lateral flow based aptasensors, as well as electrochemical aptasensors or
size based aptasensors. The aforementioned detection methods have their ad-
vantages and limitations; thus, it is the specific application of the aptasensor that
determines the best method to use. It should be noted that this chapter does not
attempt to provide a comprehensive survey of the different aptasensor transduc-
tion methods, its objective was, instead, to give a general overview and to provide
general examples in the field.
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Challenges and opportunities

With specific regard to aptasensing for small molecules, it is difficult to design
appropriate and efficient labelling strategies, whether with fluorescence or with
electrochemical sensors, due to the lack of certainty of the target binding sites and
accurate prediction of the conformational changes in the aptamer molecules. Ad-
ditionally, the labelling process makes the experiments more complex and could
affect the binding affinity between the aptamers and their targets.

Furthermore, small targets including ochratoxin A,”” cocaine,*" and theophlline”®
do not have complicated 3D structures (they have planar structures). This class
of targets are recognised by incorporation within the binding pockets of their ap-
tamers. Size based sensor triggered by a target cross-linking an aptamer tethered
to nanoparticles is not expected (unless special aptamer design is constructed, as
the rare case of split adenosine aptamer”?). Therefore, there is a clear motivation
to investigate the possibility to develop a label free size based aptasensor that
realises on the general property that small molecule binding aptamers adopt a

more compact folded structure when they bind to their target.

SELEX process selects aptamers for affinity, elimination of redundancies within
aptamer sequences that do not affect affinity is not part of the process. The ef-
fect of non-binding segments of the aptamers on signal transduction has yet to
be demonstrated, particularly with sensors depending on aptamer dissociating
from surfaces (i.e., colorimetric based assays). Additionally, comprehensive un-
derstanding regarding the effect of long and truncated aptamer sequences on sig-
nal transduction could be attained by comparing the performance of the same

aptamer across a number of aptasensors with distinct transduction mechanisms.

Label free electrochemical based aptasensors by far are the most successful plat-
forms reporting ultrasensitive detection limits. They commonly feature aptamer
probes covalently tethered to gold electrodes where target-induced conforma-
tional changes can be monitored electrochemically. Non-specific adsorption of
aptamers is perceived to be undesirable in electrochemical sensors, however, it

has yet to be explored as an alternative sensing strategy.

These challenges and opportunities inform the thesis research objectives eluci-

dated in Section
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1.2 Research problems and objectives

The aptasensors that will be developed in this thesis are targeting a naturally oc-
curring estrogenic compound, 17-§ estradiol (E2), that also occurs as an environ-
mental contaminants. E2 was previously detected in the pM concentration range
in commercial dairy products (6.6 pM)?” and in urine samples (100 pM).58) E2
was also detected in natural water samples at the nM concentration levels (60-377
nM).%583 Thus, target concentrations for sensor operation depend on the applica-
tion, however, quantitation in the pM range is generally desirable. The following
section focuses on providing a background of some naturally occurring and syn-
thetic estrogenic compounds and highlights the challenges encountered in deter-

mining this class of molecules.

1.2.1 Estrogenic derivatives

Environmental contaminants are an ever growing issue around the world. In re-
cent years, great attention has been directed to the potential impact of a class of
chemicals that disrupt the normal functions of the endocrine system in humans
and wildlife in agonist or antagonist manner. This class of molecules is known as
Endocrine Disrupting Compounds (EDCs) and was defined by the United States
Environmental Protection Agency (USEPA) as "an exogenous agent that interferes
with the production, release, transport, metabolism, binding, action, or elimina-
tion of natural hormones in the body responsible for the maintenance of home-

ostasis and the regulation of developmental processes".**

Scheme[I.T|shows examples of naturally occurring and synthetic estrogenic chem-
ical structures. It should be noted that natural estrogens are indigenous hor-
mones, including estrone (E1), 17-3 estradiol (E2), and 17a-estradiol (E2-17c),

that present at critical levels.® However, external exposure to these compounds

promotes them to be endocrine disrupters.® There are many non-estrogenic chem
icals that are classified as EDCs*® and beyond the scope of this thesis. The ma-
jor emission source of natural estrogenic compounds is farm animals. However,
man-made sources such as waste water treatment plants and domestic effluents
are secondary main sources of estrogenic compounds in water ways.®” Several
reports found these molecules at levels ranging from few nM up to ;M concen-
trations in rivers and water ways in New Zealand®" and worldwide.®* Estrogenic
compounds have very low water solubility 0.3-13 mg/L, low vapour pressures,
relatively high pKa values (above 10) indicating non-volatility, and lipophilic
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characteristics that might enable their adsorption on solids and environmental

and biological matrices.®

17-a estradiol (E2-17/ a) Estriol (E3)

Scheme 1.1: Chemical structures of the abundant estrogenic EDCs in the environ-

ment.

Environmental and biological monitoring of the concentration of estrogenic com-
pounds is a difficult analytical task, because they are present at very low concen-
trations and in complex matrixes (including natural water and urine). Thus, in
general, complicated, time consuming extraction and purification processes (us-
ing solid phase or liquid-liquid extraction) are usually employed prior to their
analysis. Estrogenic EDCs are generally detected using immunoassay with ra-
dioactive or fluorescent labelling,* high-performance liquid chromatography mass
spectrometry (HPLC-MS), or gas chromatography mass spectrometer (GC-MS)*"
with high sensitivity down to the range of uM-pM concentrations.

The majority of estrogenic EDCs belong to the same steroidal family, having three
six member rings and a single five member ring as the structural framework,
and exhibiting very similar chemical behaviour. This gives rise to the selectivity
problems (cross-reactivity of one of the members with the others) encountered in
the conventional EDC analytical methods (HPLC and GC-MS).%**0

Despite the excellent sensitivity of HPLC and GC-MS , time consuming pre-

concentration and matrix purification processes are required making the mon-

itoring of estrogenic EDCs impractical exercise and cost-ineffective.®® Immun-
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sensors suffer from several issues including immunogenic generation of the an-
tibodies making their generation for toxic targets unachievable, degradation of
the antibody, batch-to-batch variations, the requirement of radioactive or fluores-
cent labels for signal transduction which are not favoured for field screening and
regular monitoring of estrogenic EDCs.®”

1.2.2 Research objectives and thesis overview

The principle aim of this project was to design, develop, characterise and apply
various alternative sensing platforms towards 17-3 estradiol (E2) making use of a
previously isolated 75-mer ssDNA aptamer (by Dr. Shalen Kumar and Professor
Kenneth P. McNatty, reproductive biology lab, School of Biological Sciences at
VUW=2),

¢ Tunable Resistive Pulse Sensing (TRPS) and Dynamic Light Scattering (DLS)
are techniques used to characterise the size and surface potential (¢(-potential)
of nanoparticles (NPs) suspensions. Aptamers have been widely employed
as bio-receptors based on their conformational change induced by the tar-
get recognition. Therefore, the first goal of this project was to investigate
the use of TRPS and DLS to probe the change in size and (-potential of NPs
coupled to the aptamer upon recognition of E2. To overcome the limitations
of TRPS and DLS, a well-integrated carboxylated polystyrene NPs was used
to tether the aptamer through an amide bond and enable registering bind-
ing events when the aptamer adopts a more tightly folded conformation
around the target (Chapter 2).

* Gold nanoparticles (AuNPs) have been extensively used in biosensor ap-
plications due to their unusual size and proximity dependent optical prop-
erties. They can provide simple means to detect targets colorimetrically.
The second objective of this thesis was to develop a colorimetric aptasen-
sor for E2 as well as to understand the effect of the aptamer length on the
signal transduction. Chapter 3 describes a thorough characterization of the
necessary and unnecessary nucleotides needed for developing a colorimet-
ric AuNP based aptsensor for E2. The effects of deleting excess flanking
nucleotides (non-binding) from the 75-mer aptamer enabled significantly
enhanced sensitivity for the target molecule.

¢ Electrochemical impedance spectroscopy (EIS) is particularly well-suited
to probe the binding events on an electrode surface as well as character-
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ising the surface modifications. The third objective of this thesis was to
develop a sensitive EIS based sensor for E2. Sensing E2 using EIS (Chap-
ter 4) started with employing the 75-mer aptamer on a conducting polymer
(poly-pyrrole-pyrroleacrylic acid) based electrode to achieve one fM level of
detection in buffered solutions. The work was accomplished in conjunction
with Bicheng Zhu, a PhD student with Professor Jadranka Travas-Sejdic,
School of Chemical Sciences, University of Auckland.

As an alternative, the non-specific adsorption of aptamer onto Au surfaces
was exploited to develop a novel EIS based sensing platform to detect E2.
Aubased electrodes bearing non-specifically adsorbed aptamers were found
to be fundamentally different from the electrodes conventionally tethered
with aptamers through thiol-linkers. The non-specifically adsorbed aptamer
was found to completely coat the surface to passivate it against spurious in-
teractions, as well as cross-linking the AulNP coated electrodes. This combi-
nation of properties resulted in a simply fabricated and highly effective sen-
sor for E2, whereby an increase in the EIS signals is resolved when target-
bound aptamers dissociate from the electrode surface. The sensor exhibited
a fM level of detection, excellent selectivity against potentially interfering

molecules, and operation in urine samples.

By applying the same aptamer to different sensor formats, the advantages
and disadvantages of each signal transduction mechanism were compared
(Chapter 5). The differences between the performance of long aptamer se-
quences and truncated versions and their impact on various sensing schemes
was investigated.
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Chapter 2

Size based aptasensor

2.1 Abstract

This chapter presents a new sensor design that exploits aptamer functionalized
NPs to transduce the signal of aptamer receptors binding to E2. A previously iso-
lated 75-mer aptamer capable of binding E2 with a Kp of 25 nM was tethered to
the surface of carboxylated polystyrene NPs.” Upon exposing the aptamer func-
tionalized NPs to E2 in buffered solution, tunable resistive pulse sensing (TRPS)
and dynamic light scattering (DLS) were used to observe a distinct reduction of
the conjugated particle size, reduced duration time (full width at half maximum
(FWHM)) in TRPS, and a less negative (-potential by DLS, which can be corre-
lated to the E2 concentration in the lower nM range. The sensor showed similar
affinity towards other hormones of the E2 steroidal family and excellent discrim-
ination against potential non-steroidal interfering agents. The simplicity of the
sensing scheme makes it readily applicable to other low molecular weight tar-
gets, as it was further demonstrated using a known adenosine aptamer.*® In ad-
dition to sensing, the developed method could potentially be used to guide the
synthetic evolution of aptamers to attain better binding affinity and specificity.

2.2 Introduction

The relatively small size of aptamers (generally on the order of 20-100 nucleotides
long, corresponding to fully extended lengths of 6.8-34 nm) compared with other
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recognition elements such as antibodies opens up the possibility of simple new
physical means of signal transduction.”’®? The ability of aptamers to recognize
small molecular targets including hormones and narcotics is linked to the ap-
tamers’ propensity to adopt a folded three-dimensional conformation that pro-
vides a specific binding pocket for the target.** Signals can then be transduced
from the target-induced conformational switching via mechanisms that are not
readily available to conventional antibody-based receptors or for aptamers tar-
geting macromolecules that are larger than the aptamer. For example, and as
detailed in Chapter when pairs of fluorescent dyes are attached to different
sections of the aptamer, binding the target may bring the dyes into close enough
proximity to result in detection via fluorescent resonant energy transfer.*! Alter-
natively, a redox probe can be attached to the distal end of an aptamer immobi-
lized on an electrode surface such that binding the target brings the redox probe
within electron transfer distance of the electrode and a current is measured.*
While these methods demonstrate the ability to detect binding induced changes
in aptamer conformation with high sensitivity, their successful implementation
in a given system requires detailed knowledge of specific aptamer conformations
and target interaction sites, as well as more design complexity, in order to en-
gineer strong coupling between the binding event and signal from the attached
probes.

Herein, a novel scheme is reported that explores a simple alternative means to
detect the binding of a small molecule in solution via measuring the contraction
in aptamer size that generally accompanies the binding of a small molecule. It
should be noted that the scheme does not require knowledge of the specific con-
formation of an aptamer-target complex. The key to this approach, depicted in
Scheme is to tether the aptamers to the surface of NPs and resolve the chang-
ing size of aptamer functionalized particles when target molecules induce a more
tightly-folded aptamer conformation on the particle surface. The success of this
strategy is ensured by the availability of functionalizable NPs of a suitable size
and excellent monodispersity combined with the modern solution-based particle
sizing techniques to resolve diameters with better resolution than the binding in-
duced changes in average aptamer size. Other size based aptasensor utilised the
increase in size of the conjugate upon target recognition using DLS™ or aggregate
formation using DLS”* and TRPS?” as the signal transduction.
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Scheme 2.1: Schematic overview of the size based aptasensor developed in this
study.

The size based aptasensor was demonstrated with a previously isolated 75-mer
aptamer to target the hormone E2, as well as with a known aptamer for adeno-
sine for proof of generality. The proposed size based aptasensor is able to detect
the presence of ~ 5 nM E2 in buffered solution by measuring changes in particle
sizes via both DLS and TRPS - a recently developed particle-by-particle sizing
technique.””>®” Additionally, a clear correlation between NP-aptamer size con-
traction and surface (-potential was observed, due to the redistribution of charge
when the polyanionic aptamer folds around its target, thus extending the range

of simple means to transduce binding signals in this system.

2.3 Overview of TRPS and light scattering techniques

NP size by TRPS

TRPS is an extension of the resistive pulse sensing technique that detects indi-
vidual particles traversing a single pore when they physically disrupt the ionic

297 Gener-

current flowing through the pore, between two sides of a fluid cell.
ally, resistive pulse sensors measure the increased electrical resistance caused by
a particle passing through a pore filled with electrolyte.”® For a cylindrical pore

(the simplest case), the relative change in resistance AR/R is described by Eq.

RIS
AR _

R DL
where D is the pore diameter, L the pore length, and d the particle diameter.

2.1)

TRPS, (the commercial instrument is known as the gNano) shown in Fig. is

one of the latest advancement in this field and relies on the use of a mechani-
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cally active thermoplastic polyurethane membrane containing a single conically
shaped pore (Fig. 2.Ip). The pore is made by a mechanical puncturing using a
tungsten needle that produces large (in the range of m) and small (in the range
of nm) pore openings.®?***?!0 With regard to this study, the NP size was deter-
mined based on calibration with standard particles of a known size. Upon plac-
ing the NP sample in the upper fluid cell (while the lower fluid cell contains the
same electrolyte used to suspend the particles), applying external voltage, and
tuning the macroscopic stretch of the membrane, individual particles start mi-
grating through the pore (Fig. 2.1p). Individual particles disrupt the ionic current
by creating events seen as inverted peaks (Fig. [2.1k) characterized by magnitude
(AI) and full width half maximum (FWHM) duration that correspond to the size
and speed of the particles, respectively. Scatter plots and histograms of particle
size can be obtained after calibration (Fig. and Fig. [2.Te).

In addition to size measurement, TRPS can provide valuable information from
the speed of the particles when they traverse the pore construction.’’" Therefore,
understanding the factors that affect the particle transport will further assist the
utility of this technique as a sensor. There are various mechanisms that govern
particle flux (J) through the pore construction, described by Nernst-Planck equa-
tion (Eq. 2.2),

J = Jeo + Jep + Jaigr + Jpa (2.2)

where Jq, is electro-osmosis , Jep is electrophoresis, J4i is diffusion , and Joq is
pressure-driven transport.”” Recent work by Vogel et al.'® revealed that elec-
trophoresis and electro-osmosis (the pore has a surface potential of approximately
-8 mV in the standard electrolyte 100 mM KCI) and inherent pressure (46 Pa per

40 pL) are the main transport mechanisms when no external pressure is used.
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Figure 2.1: a) The qNano system includes fluid cell. The elastic pore membrane
is mounted between two halves of the fluid cell, each of which contains an elec-
trode (Ag/AgCl), and the membrane is attached to adjustable stretching teeth,
actuated by rotating the black handle on the side of the blue body. b) Schematic
cross-section of the stretchable elastic pore showing particles traversing the con-
ical pore. ¢) Background trace containing blockade events generated by the par-
ticles. Measurement of event magnitude (AI) and FWHM duration are used to
characterise particle size and speed respectively. d) Scatter plot of 500 blockade
events characterised by size (nm) and FWHM duration (ms). e) Histogram distri-
butions of size and FWHM duration.

NP size by light scattering technique

DLS, also known as photon correlation spectroscopy, is a technique used for mea-
suring particle size and size distribution in suspensions. This technique is based
on the random thermal motion, Brownian motion, of spherical particles which
causes scattering of the incident laser light. The diffusion constant of the parti-
cles is measured and the size of the particles is calculated according to the Stokes-
Einstein relation, Eq. 102
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kT
"~ 3mD,
where D, is the hydrodynamic size, D, the diffusion coefficient (the primary pa-

(2.3)

h

rameter obtained from DLS measurements), kg the Boltzmann constant, T the

temperature, and 7 the solvent viscosity.

The scattered light is collected at a given angle (forward scattering 90° or back
scattering 173°), the fluctuation is recorded over time, and the decay time of the
signal autocorrelation is used to calculate the D; of the particles. Smaller par-
ticles will result in a faster decay due to their faster movement, unlike larger
particles. It should be noted that the size measured by this method is the hydro-
dynamic size, which is the actual size of a particle in addition to the attached ions

or molecules.1%

(-potential potential by light scattering technique

The presence of net charge density on the surface of a particle in solution gives
rise to the existence of an electric double layer. The electric double layer describes
the increased concentration of counter ions at the interfacial region of the parti-
cle. The strongly bound ions form the first layer around the particle called the
Stern layer and the less firmly bound ions form the second layer called the Slip-
ping plane, as shown in Fig. (-potential is measured at the surface of the
slipping plane (Gouy layer) and reflects the potential difference from the bulk so-
lution. The magnitude of the (-potential is highly influenced by the pH and ionic
strength of the medium and is a meaningless parameter without the knowledge
of these values. Additionally, (-potential provides valuable information regard-
ing colloidal stability, i.e. nanoparticles with (-potential values of -30 or +30 mV
are considered to be stable.**1%>

29



@ 1 Layer
1 Slipping Plane (Gouy layer)
————
@ Negatively
A Charged Particle
@ ®@ @ ® Stern Layer

Zeta Potential

Distance from the particle

Figure 2.2: Schematic representation of a particle and associated electrical dou-
ble layer. The particle is negatively charged, hence the layer of tightly associated
positive ions present in the Stern layer. Inset is a graph describing the layers sur-
rounding a negatively charged particle, including the (-potential at the Slipping
plane.

(-potential can be obtained using the light scattering method (phase analysis light
scattering, PALS) from the calculation of electrophoretic mobility of charged par-
ticles in a medium with known dielectric constant and viscosity. The colloidal
sample containing nanoparticles is placed in a capillary cell and an external volt-
age is applied across the cell using gold electrodes. The particles will move to-
wards the oppositely charged electrode. After reaching equilibration with the
surrounding medium (acceleration and temperature), the sample is illuminated
with laser light which is shifted to a greater frequency due the movement of the
particles. By combining with a reference beam, the intensity fluctuation of the
scattered light is generated and the shift in phase is monitored (PALS). Fluctu-
ation frequency of the scattered light is proportional to the electrophoretic mo-
bility (Ug) of the traveling particles. After correlation, Uy is calculated. Finally,
(-potential is calculated using Henry’s equation Eq.

_ 2¢¢ — potential f (k)

U
E 30

(2.4)

under known experimental conditions including electrolyte viscosity (7), dielec-

tric constant (¢), and Henry’s function f(k,).1%
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DLS versus TRPS

DLS is considered to be a bulk analysis technique. Particle size can be obtained in
most solvents and over a wide size range (from a few nanometers up to several
microns).”” DLS does not provide detailed analysis of multi-mode systems (i.e.

).107

a population with two distinct sizes or more Presence of small amount of

aggregates might affect accurate sizing of a given population.®

On the other hand, TRPS is a particle-per-particle characterising technique, based
on a number distribution. TRPS was reported to discriminate between mixed
nanoparticle samples (220, 330, and 410 nm)."%” The pore diameter can be changed,
due to the ability of actuating the elastic membrane, to remove temporary block-
ages as well as enhancing measurement sensitivity and resolution. However,
TRPS measurements are limited to conducting electrolyte and relatively large

particle sizes.??1”

2.4 Results and discussion

2.4.1 Aptamer selection and characterisation

The aptamer selection and dot blot characterisation were done by Dr. Shalen
Kumar and Professor Kenneth P. McNatty, reproductive biology lab, School of
Biological Sciences at VUW. The E2 aptamer was isolated from a library of syn-
thetically generated and random ssDNA containing 7.2 x 10'* molecules by em-
ploying a typical process of SELEX.'® After selection round 18, the 75-mer se-
quence, outlined in Fig. was selected as one of the four most promising and
sensitive aptamers, and was able to detect E2 as low as 37.5 nmol and also, up to
300 nmol, using a modified dot blotting assay as shown in Fig. 2.54.
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Figure 2.3: Secondary structure of the 75-mer aptamer. The secondary structure
was predicted by an online web server Mfold™ under the following conditions:
25 °C, 10 mM NaCl and 0.1 MgCl; (BWB conditions).

Kp measurements

In order to determine the K value of an aptamer, a constant concentration of the
aptamer is titrated with an increasing concentration of the target, then the bound
or unbound fraction of the target is determined.""” Bound and unbound fractions
were previously separated for aptamers interacting with small molecules includ-
ing bisphenol A™ via a method known as equilibrium filtration. An aptamer-
target complex can be separated from the free target using nitrocellulose (NC) fil-
ters with a specific molecular cut-off size. This method was initially examined to
obtain the Kp of the 75-mer aptamer. However, E2 was found to non-specifically
adsorb on the filters. This was indicated from filtering serial concentrations of E2
through the NC membranes and comparing the fluorescence signals with a cali-
bration curve, Fig. 2.4b. As a result, it was concluded that equilibrium filtration
is not suitable for the Kp measurement of the 75-mer aptamer.
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Figure 2.4: a) Schematic illustration of isolating the bound and unbound fractions
of E2 using the 75-mer aptamer coupled to carboxylated polystyrene NPs. b)
Shows a standard calibration curve of E2 fluorescence at 310 nm, control experi-
ments of incubating E2 concentrations with the bare NPs to examine the nonspe-
cific binding, incubation with NP-aptamer conjugate for Kp determination and
filtration E2 concentrations through the nitrocellulose (NC) filters.

Alternatively, the 75-mer aptamer Kp was determined via coupling the aptamer
to carboxylated polystyrene NPs (following Scheme that will be discussed
later) then incubating the NP-aptamer conjugate with serial concentrations of E2
and determining the unbound fraction of E2 via centrifuge separation of NP-
aptamer + E2 complex followed by fluorescence measurements of the unbound
E2, as shown in Fig. 2.4a. There was no nonspecific interaction between E2
molecules and the bare NPs indicated from the approximately identical signals
of the calibration curve of E2 and the concentrations of E2 after incubation with
the bare NPs (Fig. [2.4p). The concentration of unbound E2 was determined using
a calibration curve of E2. The fluorescence signals of E2 for the calibration curve
reached the limit of linearity at higher concentrations (300 nM and 400 nM, Fig.
2.4b, black symbols) due to an unknown interference or an instrumental defect.
The data points were fitted to a straight line to determine the unbound fraction
of E2 after separation following the scheme depicted in Fig. 2.4a. A polynomial
fitting (a curve) could also be used to predict the unbound fraction of E2 as well.
As shown in Fig. 2.5b, a Kp of 25 + 2.5 nM (standard deviation of the fit) was ob-
tained by plotting the normalised 1/unbound fraction (f,) against 1/[E2] of the
original E2 concentration and applying Eq. 2.5{"1"
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Figure 2.5: a) Dot blot detection of serial amounts of immobilised E2 on nitrocellu-
lose and chemoluminescence visualisation of the bound E2 aptamer. b) Determi-
nation of the Kp of the 75-mer aptamer from a plot of 1/[E2] against 1/f, (number
in brackets indicate standard deviation of the fit). c¢) CD spectra of 400 nM 75-mer
aptamer and the independent detection of 0.5, 3.5 and 6.5 uM concentrations of
E2.

Circular dichroism characterisation

The optical bands of nucleotides exhibit a property in circular dichroism (CD)

due to the lack of a center of symmetry (i.e. presence of chirality). CD signals
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result from unequal absorption of left-handed and right-handed polarised light
interacting with a molecule. CD bands in the far UV region (200-290 nm) arise
from the abundance of amide bonds in nucleotides.* A homogeneous solution
detection of E2 could be performed using CD spectroscopy”® as shown in Fig.
R.5c. E2 aptamer is classified as a B-form oligonucleotide which produces a CD
spectrum characterized by positive maximum and negative minimum elliptici-
ties around 280 nm and 248 nm respectively."*1* With increasing concentrations
of E2, an increase in the positive ellipticity maximum at 280 nm was observed,
consistent with the binding-induced transition to a folded conformation featur-
ing more stem-loop structures.’’> Nevertheless, the relatively high concentrations
of aptamer (400 nM) required to measure the CD spectra means that binding is
only observed when the aptamer is saturated with relatively high (micromolar)
concentrations of E2. Having demonstrated that the aptamer has a strong affinity
for E2 and undergoes a binding-induced conformational switch, the aptamer was
applied in the sensor illustrated in Scheme

2.4.2 Generation and characterization of NP-aptamer

Carboxylated polystyrene NPs were selected for functionalization with aptamers
owing to: i) the availability of highly monodisperse samples (size distribution
full width half maximum (FWHM) of ~ 50 nm and polydispersity index (PDI)
of 0.025 according to TRPS and DLS respectively) of a size that is large enough
to be measured reliably, yet small enough that the aptamer surface coating can
have a large relative effect on the properties of the particle; ii) the ability to apply
amide coupling chemistry to covalently attach amine terminated aptamers to the
carboxylate surface; and iii) their stability in aqueous sensing environments with

moderate ionic strength.

Activation of NPs and aptamer coupling

As shown in Scheme carboxylated polysterene NPs with a nominal diameter

of 217 nm were activated towards coupling in water with 0.1 M 2-(N-morpholino)
ethanesulfonic acid (MES) buffer through the addition of N-(3-dimethylaminopropyl)
N-ethylcarbodiimide (EDC) and N hydroxy-succinimide (NHS) to form an NHS
ester coating on the NP surface. The esters subsequently react with the amine
terminated aptamers to form stable amide linkages tethering the aptamers to the
NP, as shown in Scheme
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Scheme 2.2: EDC/NHS coupling chemistry.

The success of functionalization could be determined by measuring the (-potential
of NPs after isolation via centrifugation and redispersion in MES bulffer. Table
shows that the formation of the (neutral) NHS ester was confirmed via a increased
in (-potential value to -32 mV compared with -36 mV for the bare NPs which have
an anionic carboxylate surface. The (-potential of the NPs then decreased to -41.3
mV upon coupling the polyanionic aptamer. It was verified that these observa-
tions reflect a covalent functionalization rather than non-specific adherence to
the NP surfaces because the bare NP (-potential was obtained when the coupling

agents were omitted.

Table 2.1: Absolute values of (-potential obtained via phase analysis light scatter-
ing for populations generated during the coupling of aptamers to NPs and during
the detection of E2.

Zeta Potential /mV (STD, n = 3)

Samples in MES buffer in BWB buffer
NPs -36.0 (0.1) -32.5 (1.0)
NP-NHS -32.3 (2.0) Not measured
NPs + aptamer no EDC/NHS -36.0 (0.8) Not measured
NP-aptamer -41.3 (0.6) -33.5 (0.5)
NPs + 50 nM E2 Not measured -32.0 (1.0)
NP- aptamer + 50 nM E2 Not measured -28.2 (0.5)

Aptamer surface coverage

The NPs used in this study have carboxyl groups on their surface: 5 nmol of
carboxylates for every 1.04 x 10'° particles as determined by the manufacturer.
Several amounts of NPs (1.04 x 10'%, 2.08 x 10, 3.12 x 10'° and 4.16 x 10'Y) were
exposed to a fixed amount (0.1 nmol) of a fluorescently labeled 76-mer aptamer

(F-aptamer), then the NP-F-aptamer conjugates were separated from the mix-
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ture when the coupling was finished as described in the Experimental Section.
It should be noted that the F-aptamer was previously used by Kim et al” for the
detection of E2 and the sequence is different from the sequence reported here.

Fluorescence was measured in both NP-F-aptamer and the supernatant samples.

As shown in Fig. the fluorescent measurements result from a covalent func-
tionalization rather than non-specific adherence to the NP surfaces because the
exposure of NPs (2.08 x 10'?) to F-aptamer without activating agents (EDC/NHS)
resulted in no interaction (circled data points). This observation is consistent with
the previously noted results regarding (-potential. Further, it was observed that
the 0.1 nmol was completely bound by the second amount of NPs (2.08 x 10'°) and
the remaining amounts of NPs gave approximately the same fluorescent signal
as shown in Fig. This observation shows that the lower NPs concentrations
have a sufficiently high F-aptamer:NP ratio to saturate the NP surfaces, whereas

the aptamers are coupled at lower density as the NP concentration is increased.

Then, the fluorescent intensities of the samples with 1.04 x 10’ and 2.08 x 10'°
particles were converted to concentrations and eventually number of nmol using
a standard calibration curve constructed of several concentrations of F-aptamer
mixed with 2.08 x 10'° NPs. It was found that the number of F-aptamers per
particle is 2.66 x 10%, 2.60 x 10%, 1.70 x 10* and 2.66 x 10° corresponding to the
measurements in the samples containing 1.04 x 10'° and 2.08 x 10'° particles and
their supernatants respectively. The overall average F-aptamer density is 2.40 x
10® per particle (with a standard deviation of 0.4 x 10%, n = 4) giving 25 nm? free
space for each aptamer. It should be noted that there is an additional uncertainty

of approximately 10 % from the NPs lost during the centrifuging process.
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Figure 2.6: Fluorescence measurements of samples resulting from the reaction
of several independent NP numbers (1.04 x 10'°, 2.08 x 10'°, 3.12 x 10'° and
4.16 x 10") with a fixed amount (0.1 nmol) of fluorescently tagged aptamer (F-
aptamer). Circled data points represent the results of a control sample: exposure
of 2.08 x 10'® NPs to 0.1 nmol F-aptamer with no presence of the activating agents
(EDC/NHS). Figure-inset is a calibration curve constructed of serial concentra-
tions of the F-aptamer mixed with NPs (2.08 x 10'° particles). Lines joining data
points are drawn to guide the eye.

Size and duration (FWHM) based characterisation of aptamer coupling

The first step towards using NP size measurement techniques for E2 sensing is
to confirm that aptamer coupling results in a clearly measurable increase in NP
size. As shown in Fig. , DLS resolves an increase in average hydrodynamic
particle diameter from 250 nm to 300 nm upon functionalization with E2 aptamer
(using the average values of the distribution and from ~ 220 nm to 250 nm using
the mode values). In addition to DLS, the TRPS technique was used to resolve
particle sizes. Fig. shows that TRPS resolves an approximately 20 nm in-
crease in the mode diameter of NPs as a result of coupling the E2 aptamer. It
is apparent that, although DLS and TRPS measurements reveal the same trend,
the absolute diameters differ. This is not unexpected, because DLS gives an av-
erage based on a number distribution which is derived from the intensity dis-
tribution of scattered light, whereas TRPS number distributions are based upon
particle-by-particle measurements. It is well recognised that DLS is a bulk anal-

ysis method and does not provide detailed information of the particle number
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distribution, as recently explored in comparison with TRPS.1%7116 A5 a result, any
possible presence of aggregates, observed in this study as shown in Fig. 2.8p,
might affect absolute sizing. Additionally, DLS provides the hydrodynamic size,
measured from the random thermodynamic motion of the particles (Brownian
motion), which is greater than the actual size of the particle.’’” The other possi-
ble reason could the comparison between the mode data from TRPS and average
data from DLS. The maximum theoretical increase in NP diameter can be esti-
mated as approximately 50 nm by considering the fully extended length of the
75-mer E2 aptamer, assuming 0.34 nm spacing between the backbone bases. 4118
A more relaxed aptamer conformation (or distribution of conformations) will re-
sult in somewhat less extension, in line with what is observed. It should be noted
that there was no obvious change in the size of the particles under the scanning
electron microscope (SEM) imaging (refer to Fig. [2.7), presumably due to the lack
of contrast, limited resolution, and the inability to carry out SEM in the preferred

environment of buffered electrolyte solution.

SEI 50kV  X140,000 100nm WD 9.1mm NONE SEI 50kV  X140000 100nm WD 9.1mm

Figure 2.7: SEM characterisation of coupling the aptamer to 217 nm NPs a) before
coupling and b) after coupling.

It was also found that the presence of aptamers increases the duration (FWHM)
of resistive pulses compared with that of the bare NPs, as shown in Fig. [2.8p.
In spite of the expectation that increased surface potential will increase the elec-
trophoretic mobility of NPs, the observed reduction in NP-aptamer speed can be
attributed, in the main, to the steric drag imparted by the aptamers on NPs when
passing through the narrow pore. The same effect was observed when A-DNA
was coupled to silica NPs and measured via TRPS.?
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Figure 2.8: a) Size histograms of different samples obtained by TRPS during the
detection process of E2. The locations of green bins indicate the averages of size
distributions by number obtained from DLS. (b) FWHM histograms of different
samples obtained by TRPS during the detection process of E2. The dashed ver-
tical lines are aligned to the modal bars of the bare NPs (black) and NP-aptamer
(red). The bin sizes, which are a reasonable indicator of the uncertainty, are 3.5

nm and 0.2 ms for size and duration (FWHM) respectively.

2.4.3 Detection of E2

Having established that TRPS and DLS can resolve the effect of coupling ap-
tamers to NPs, the size based scheme was applied to the detection of the small
molecular target. Sensing was carried out in the binding washing buffer (BWB)
used for aptamer generation. Samples were prepared to ensure that their com-
positions differed only by E2 concentration in the nM range. Fig. shows
that increasing concentrations of E2 results in progressively smaller NP-aptamer
diameters, whether measured via TRPS or DLS. At an E2 concentration of ~100
nM, where binding appeared to be saturated, the measured NP-aptamer diam-
eter (220 nm) approached that of the bare NP population (217 nm), indicating
that the E2 bound aptamers were adopting a substantially more compact confor-
mation than for the NP-aptamer conjugates (237 nm). The concentration of the
aptamer in the detection solutions was 225 nM (0.022nmol) and the highest de-
tectable concentration of E2 was 150 nM (0.015nmol). Based on the measured Kp
of 25 nM, it was expected 85 % of the aptamers to be bound with 150 nM E2, and
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16 % for the lowest concentration of E2 that was detected ( 5 nM). A control sam-
ple omitting the reagents required for coupling the aptamer to the NPs confirmed
that the observed sensitivity arose from the specific response of the NP-aptamer
conjugates binding to E2 as shown in Fig. (second panel from top).

Fig. shows the distributions of pulse duration (FWHM) measured for the
same set of samples in TRPS. The pulse duration of NP-aptamers was found to
increase from 1.5 ms to 2.7 ms as the concentration of E2 increased, again satu-
rating at approximately 100 nM. On the one hand, it might be expected that the
size contraction observed to result from E2 binding would reduce the steric drag
effects encountered by the unbound NP-aptamer, which would result in shorter
pulse durations. On the other hand, the (-potential measurements summarized
in Table showed that E2 binding resulted in a less surface potential of NP-
aptamers, presumably coupled to the conformational switch of the polyanionic
aptamer. Reduced surface potential will likely reduce the electrophoretic mobil-
ity of the NP-aptamer conjugates bound to E2, which in turn opposes the effect
of reduced steric drag and may explain the observed increase in pulse duration.

Linearity and specificity

Fig. provides evidence that the size based method of E2 detection is both
robust and reproducible: for three independent experiments starting from the
functionalization of carboxylated NPs, the variation was less than 20% for NP-
aptamer size and the pulse duration measurements (FWHM). Fig. illustrates
that a strong correlation exists between NP-aptamer size and the pulse duration
measurements, confirming that both have a common origin. The method is able
to detect E2 reliably at concentrations as low as 5 nM, which places the assay limit

of detection in the concentration range for the human response to ingested E2.%
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Figure 2.9: a) Mode values of size and FWHM obtained by TRPS during the de-
tection of E2 (error bars indicate the standard deviation of the average from three
independent experiments). b) Relative size and FWHM obtained by TRPS during
the specificity examinations of 50 nM of E2, E2 + BPA, progesterone, testosterone,
BPA and BPF (error bars indicate the standard deviation of the average from three
independent measurements). Relative change (%) in size was calculated from the
20 nm extension of aptamer added to NPs and the relative change (%) in FWHM
duration was calculated from the duration of NP-aptamer (1.5 ms). ¢) Chemical

structures of the molecules tested in this study.
The method is able to detect E2 in the range of 5 to 150 nM with an acceptable

linearity (R? of 0.97 and 0.89 for size and FWHM respectively) over the range
from 5 nM to 75 nM. The sensor detects E2 with a detection limit comparable to
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previously reported sensors using electrochemical (0.1 nM, Kim et al.” and 2.1
nM, Olowu et al.,’#!") and optical (2.1 nM, Yildirim et al.,'#%) signal transduction
methods applied to a different E2 aptamer with a Kp of 130 nM.”

The specificity of the sensor using E2 aptamer was examined over a wide range
of potential interfering compounds. Fig. shows that the aptamer does not
discriminate between E2, progesterone (P4) and testosterone (T) which are from
the same general family of steroids with only minor variations in the main molec-
ular structure (refer to the structures of detected compounds Fig. 2.9c). T differs
from E2 by the replacement of OH at position 2 with a ketone and an extra methyl
group at position 10. P4 differs from T by the replacement of OH at position 17
with an ester (COCHj3). However, excellent discrimination was achieved against
molecules that do not belong to this steroidal family but may elicit similar biolog-
ical response (e.g. bisphenol A (BPA) and 4, 4-methylenediphenol (BPF)), even
when these are mixed with the target molecule, E2. This indicates that the ap-
tamer has a general specificity for a class of molecules belonging to a common
steroidal family and shows the applicability of the sensor to detect other small

molecules.

2.4.4 Generality of the sensor

It was confirmed that the size based scheme is general for the detection of any
small molecular target as long as the desired aptamer is available and undergoes
reportable conformational change. The adenosine aptamer reported by Kim et
al.,'#* which is a 27-mer oligonucleotide with a dissociation constant of 6 M for
a 1:2 complex (aptamer : adenosine)*® and is one of the most commonly stud-
ied small molecule-binding aptamers. The adenosine aptamer was coupled to
217 nm NPs following the same protocol used to couple the E2 aptamer. The (-
potential of the bare NPs decreased from -36.0 + 0.1 to -40.0 & 0.7 mV, confirming
a successful coupling. Then, an increase of approximately 10 nm in diameter us-
ing TRPS was resolved, as shown in Fig. 2.10a. The smaller increase compared
with the E2 aptamer (75-mer) was expected owing to the shorter length of the
adenosine aptamer (27-mer). The increase in diameter was not associated with a
change in the particle duration FWHM as shown in Fig. [2.10b: this is likely due to
the increased steric drag effect being offset by the increased electrophoretic mobil-
ity. As shown in Fig. and Fig. [2.10b, the sensor is able to detect adenosine at
levels as low as 500 nM under the same buffer conditions and nanopore configu-
ration as applied for the detection of E2. Consistent with the E2 sensor results, the

detection of adenosine was confirmed via a decrease in size for the NP-adenosine
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aptamer conjugate (from 227 to 221 nm) and an increase in the particles’ FWHM
duration (from 0.43 to 1 ms). Both of these measured changes exceed the exper-
imental uncertainty indicated by the bin size. This therefore demonstrates the
more general applicability of this sensor system for any small molecule. Addi-
tionally, the sensor detects adenosine at approximately one order of magnitude
lower concentration than what was reported by Kim et al. using an electrochem-
ical aptasensor.’#*
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Figure 2.10: a) Size histograms of different samples obtained by TRPS during the
detection of 500 nM adenosine. b) FWHM histograms of different samples ob-
tained by TRPS for the same sets of samples. The dashed vertical lines are aligned
to the modal bars of the bare NPs (black) and NP-aptamer (red). The bin sizes
are 3.5 nm and 0.2 ms for size and duration (FWHM) respectively. Numbers in

parentheses indicate the standard deviation of the mean of three measurements.

2.5 Chapter conclusion

A new aptasensor scheme to detect small molecules of environmental and med-
ical importance such as the reproductive class including the estrogenic family of
steroids was developed. The sensor features an E2 aptamer covalently tethered to
polystyrene NPs as the signal carrier. It is shown that simple methods for measur-
ing NP size and surface potential can be used to register binding events when the
aptamer adopts a more tightly folded conformation around its target. The sensor

is able to detect E2 at the lower nanomolar concentration range in buffered wa-
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ter. Importantly, the ability to couple conformational switching to binding signals
does not require explicit knowledge of the bound and unbound aptamer confor-
mations. It is only required that binding induces some kind of conformational
change - a rather general feature of small molecule binding aptamers since they
achieve a compact folded structure with a specific binding pocket. Therefore the
sensor design is broadly applicable to other aptamers targeting small molecules
as it was demonstrated with adenosine aptamer. Moreover, since signal trans-
duction is achieved without the need to engineer additional features in the ap-
tamer, sequences can be refined purely with the goal of optimizing the binding
affinity and selectivity for a particular application. The simplicity of the devel-
oped scheme could make it useful not only for sensing applications, but also for
screening the affinity of different aptamer sequences during the aptamer evolu-
tion process.

2.6 Experimental section

Chemicals and Materials used in this Chapter can be found in Appendix D}

Buffers and solutions

Binding washing buffer (BWB): 2 mM 2-Amino-2-hydroxymethyl-propane-1,3-
diol (Tris-HCI) at pH 7.5 (containing 10 mM NaCl, 0.5 mM KCl, 0.2 mM MgCl,,
0.1 mM CaCl; and 5 % ethanol) was prepared (I = 13.26 mM, pH 7.5, resistivity
0.848 2 m, viscosity 0.891 mPa s, and relative permittivity 78.5). 0.1 % IGEPAL®

was added for TRPS experiments for wetting purposes.

Hybridisation buffer: 0.1 M 2-(N-morpholino) ethanesulfonic acid (MES) at pH
6.2 was prepared (I = 0.1 mM, viscosity 1.00 mPa s, relative permittivity 78.5).
EDC/NHS solution was prepared in MES at concentrations of 0.01 M, and this
solution was kept at 4 °C for a week and then discharged. Stock 100 M ethanol
solutions of E2 and the interfering agents were prepared, and the detected con-
centrations were prepared in BWB, with the ethanol quantity held constant at 5
%. NPs were suspended in MES buffer at a concentration of 5.2 x 10'° particles

mL~L.
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NP functionalization

NP functionalization: 400 uL of carboxylated NPs (5.2 x 10'° particles mL?) in
MES were sonicated for 10 minutes, following which 200 nmol of EDC and NHS
(20 uL of 0.01 M solution of both in MES) was added and incubated for 40 min-
utes. 0.1 nmol of aptamer was added after being denatured at 70 °C for 5 min-
utes and the reaction was incubated overnight in plastic centrifuge vials at room
temperature. The sample was centrifuged twice at 14,000 rpm for 25 minutes
(MIKRO 120- Hettich was used in all centrifugation experiments), with wash-
ing and final suspension in MES or BWB (with or without IGEPAL®) depending
on the purpose of the experiment. Finally, the sample was sonicated for 5 min-
utes before performing a sensing experiment. It should be noted that there is an
approximately 11% loss of particles from the centrifugation process. This was de-
termined via measuring the fluorescence of F-aptamer-NP before and after two

cycles of centrifugation at 14,000 rpm for 25 minutes.

Scanning electron microscope (SEM)

SEM images were conducted using 20 L of bare and functionalised NPs (5.2
x 10" particles mL™) in deionized water (Milli-Q, 18.2 MQcm). These samples
were deposited on a silicon wafer and dried under vacuum prior to graphite dust
coating. JEOL JSM-6500 operated at an accelerating voltage of 50 kV was used for
the SEM imaging.

Sensing experiments

General protocols: In the case of TRPS measurements, 90 pL of NP-aptamer in
BWB (5.2 x 10" particles mL~') was mixed with the appropriate volume of E2
in BWB stock solution (1 uM or 2 M) to obtain different E2 concentrations in a
total volume of 100 ;L of BWB. The samples were then incubated for 20 minutes
at room temperature to facilitate binding between E2 and the aptamer. The speci-
ficity experiments were done following the same procedure described for the de-
tection of E2 and using 50 nM of each interfering agent. The nanopore membrane
was immersed in 20 mL deionized water (Milli-Q, 18.2 M{2cm) containing 1 gram
of activated charcoal and then rinsed with ethanol before any specificity exami-
nation. In the case of control experiments without E2 or without coupling agents,

it was ensured that the composition of the solution was identical in every other
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way. The same procedure was followed for the measurements of size in DLS and
(-potential in phase analysis light scattering except that the final volumes of the
samples were 1 mL. Samples were sonicated for 5 minutes before TRPS or DLS

measurements to ensure that the NPs were well dispersed.

TRPS measurements: For all measurements, a tunable pore membrane (size des-
ignation NP200) was mounted on a qNano instrument (both were obtained from
Izon Science). The membrane was stretched until the desired pore size was reached,
in this case with the teeth of the device separated by 46.11 mm. 75 L BWB
with no detergent was placed in the lower fluid cell and 40 ;L BWB with 0.1
% IGEPAL® detergent was placed in the upper cell. The presence of IGEPAL®
in the BWB was crucial to facilitate smooth NP-aptamer transit in TRPS (see Fig.
[A.I). An external voltage of 0.26 V was applied between the electrodes in the
upper and lower fluid cells to give a background current (I) of 70 £ 10 nA. 40
pL of the test sample was placed in the upper fluid cell, ensuring that no bub-
bles were present. At least 500 blockade events were collected (which generally
took 4-7 minutes) and analysed using proprietary event analysis software from
Izon Science (v. 2.2). Sizes were calculated as reported in Vogel et al.’® and de-
scribed in Chapter 2| (Section after calibration with an appropriate standard
sample, typically the carboxylated polystyrene NPs with a diameter of 217 nm.
With regard to this study, the samples were run in TRPS and followed by cali-
bration with 217 nm. The software provided with the gNano automatically plots
the size and FWHM distributions. The bin size was reduced to 3.5 nm for the
size histograms and 0.2 ms for the FWHM distributions. The reported modes are
the values located at the centres of the mode bins. This indicates that there is an
inherent uncertainty of 1.75 nm and 0.1 ms associated with mode values reported
for the sizes and FWHM respectively.

DLS and (-potential measurements: A Zetasizer Nano ZS (back scattering mode,
Malvern Instruments, UK) with a 633 nm red laser was used. The instrument pro-
vides both size and (-potential values with no need for a reference calibration. 1
mL of each nanoparticle sample was placed in a 1 cm path length disposable cu-
vette for size measurement. For (-potential measurement, each sample was used
to fill a folded capillary cell until the Au-electrodes were covered and no air bub-
bles were present in the cell. The cell was inserted in Zetasizer and equilibrated

at 25 °C for 2 minutes prior to either size or (-potential measurement.
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Spectroscopy and aptamer characterisation

Conformational transition studies by the CD technique were undertaken using
a Chirascan CD spectrometer instrument. 1 mL aliquots of 400 nM solutions of
E2 aptamer were made in BWB and independently contained different concen-
trations of E2 (0, 0.5, 3.5 and 6.5 uM). A standard 1 cm path length quartz cell was
used to measure the CD spectra over the wavelength range from 200 to 400 nm
and the scanning speed was 200 nm per minute. It should be noted that the CD
spectra were recoded as the difference in absorption, AA, and were converted to
elipticity (in mdegree) by multiplying with 32.98.1%

Fluorescence experiments for the aptamer coverage density were done by tak-
ing different NP concentrations (1.04 x 10'%, 2.08 x 10'°, 3.12 x 10 and 4.16
x 10'% particles mL™?') in stock solution and applying the previously mentioned
coupling reaction but with the fluorescently-tagged aptamer (F-aptamer). Af-
ter incubation and purification, the NP-aptamer samples were suspended in 500
pL MES buffer and the supernatant solutions were made up to 1 mL. The cali-
bration curve was established by measuring the fluorescent intensity of different
F-aptamer concentrations made in 500 ;L MES buffer samples containing 2.08 x
10'° particles mL™! of carboxylated NPs to account for any interference caused
by scattering from the NPs. A standard 1 cm path length quartz fluorescence cell
was used to measure the emission spectra over the wavelength range from 650 to
800 nm, with excitation at 645 nm. A 665 nm long pass filter was used to block
scattered excitation light. The peak intensities at 700 nm were used for quantify-
ing concentrations. Fluorescence experiments were performed with a Shimadzu
RF-5301PC spectrofluorophotometer. Excitation and emission slit widths were
set to the relatively low resolution of 10 nm and 15 nm, respectively, in order to
enhance the measured fluorescence intensities in such dilute samples.

Kp experiments were conducted using NP-aptamer conjugates to isolate the bound
and unbound fractions of E2. 0.1 nmol of E2 aptamer was functionalised to 217
nm particles as described previously. After the purification steps the NP-aptamer,
samples were served as semi-dry form for E2 solutions. Serial concentrations of
E2 (5 nM up to 400 nM) in BWB were made in 1 mL and incubated independently
with NP-aptamer (making the aptamer concentration 100 nM) overnight at room
temperature. After that, the samples were centrifuged twice at 14000 rpm for 30
minutes. Then the unbound fraction (supernatant) was quantified via the mea-
surements of the emission of E2. E2 can be measured via UV-fluorescence spec-
troscopy since E2 exhibits a characteristic emission band at 310 nm"’%* and can be
reliably detected as low as 5 nM concentration, as shown in Fig. A standard 1
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cm path length quartz fluorescence cell was used to measure the emission spectra
of E2 over the wavelength range from 280 to 400 nm, with excitation at 279 nm.
The peak intensities at 310 nm were used for quantifying concentrations. Then,
unbound fraction of E2 (f,) was calculated. 1/f, was plotted against 1/[E2] of the
original E2 concentrations as shown in Fig. There was a saturation offset at
0.72 occurring probably due to the loss of the NP-aptamer conjugate during the
centrifuge and samples handling processes. Therefore, the data was normalised
before subsequent Kp calculation using Eq. Fluorescence experiments were
performed with a Shimadzu RF-5301PC spectrofluorophotometer. Excitation and
emission slit widths were set to the relatively low resolution of 10 nm in order to

enhance the measured fluorescence intensities in such dilute samples.

Equilibrium filtration experiments were done using 3K nitrocellulose filters (Ami-
cron Ultra - 0.5 mL 3K from Sigma-Aldrich). Serial concentrations of E2 in 1 mL
BWB (5-400 nM) were filtered using the 3K nitrocellulose filters by centrifugation
at 14,000 rpm for 12 minutes and measurement of fluorescence of E2 as previously
described.

Dot blotting experiments were done by Dr. Shalen Kumar during the genera-
tion of the 75-mer aptamer by SELEX. Full experimental details can be found in
the published work.?* Briefly, nitrocellulose membranes were used to immobilise
several amounts of E2 in ethanol. After blocking steps, biotin-aptamer was in-
cubated individually with the membranes containing different amounts of E2 for
overnight. The bound E2-aptamers were visualised using chemoluminescence
where a secondary incubation with streptavidin-peroxidase conjugate was nec-

essary.
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Chapter 3

Colorimetric aptasensor

3.1 Abstract

This chapter describes a strategy enabling ultrasensitive colorimetric detection
of E2 in water and urine samples using DNA aptamer-coated AuNPs. Starting
from an established sensor format where aggregation is triggered when target-
bound aptamers dissociate from AuNP surfaces, it was demonstrated that step-
change improvements are easily accessible through deletion of excess flanking
nucleotides from aptamer sequences. After evaluating the lowest energy two-
dimensional configuration of the 75-mer aptamer, new 35-mer and 22-mer ap-
tamers were generated with Kp’s of 14 nM and 11 nM by simply removing flank-
ing nucleotides on either side of the inner core. The shorter aptamers were found
to improve discrimination against other steroidal molecules and to improve the
colorimetric detection limit for E2 to 200 pM (25-fold). It was found that the ex-
cess flanking nucleotides suppress signal transduction by causing target-bound
aptamers to remain adhered to AuNPs, which was confirmed via surface sensi-
tive electrochemical measurements (chronocoulometry). However, comparison
between the 22-mer and 35-mer systems show that retaining a small number of
excess bases is optimal. In fact, this simple strategy enabled facile detection of E2

in urine at 5 nM, approaching levels of biological relevance.
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3.2 Introduction

Of the different types of aptasensors available, those exploiting AuNP aggrega-
tion are emerging one of the most effective and easily implemented methods.*®
As shown in Scheme the attractive interaction of nitrogen bases with Au sur-
faces'® leads to a dispersion of negatively charged DNA-coated AuNPs that are

stable in moderate salt concentrations, 2165642126

Binding of the target molecule induces a conformational change in the DNA ap-

tamer?~!

which in most cases reduces its affinity to AuNPs and thereby desta-
bilizes the dispersion towards salt.*® At an optimised ionic strength (defined
as I = 1/23C;Z?) for sensing, presence of the target is identified by the color
change resulting from aggregation of AuNPs that are no longer protected by ap-
tamers. The degree of aggregation is sensitive to the concentration of the target
molecule: this can be quantified by UV-visible absorption and is also evident to
the naked-eye. #**#115127 This sensing method essentially exploits the differential
affinity of the aptamer towards the AuNP surface versus the target. Interaction
with the AuNP is non-specific and can include the entire aptamer sequence. In
contrast, the aptamer-target interaction occurs in a specific binding domain that
might be only a fraction of the aptamer sequence for small molecule targets. Ex-
cess bases not directly committed to the binding domain may still interact with
the AuNPs when such a target is bound, ultimately suppressing signal transduc-
tion by interfering with the complete dissociation of target-bound aptamers from
AuNPs. It was hypothesized that eliminating excess bases will result in enhanced
sensitivity in AuNP aggregation sensors, as depicted in the comparison on long
and short aptamer responses in Scheme

DNA aptamer sequences commonly include bases that are redundant to target
binding.'##1%® Aptamers are generated comprising a random core sequence to
provide the diversity needed for selection, as well as flanking primers for ampli-
fication by polymerase chain reaction.”! Moreover, since the synthetic evolution
process selects for affinity, there is little evolutionary pressure to eliminate redun-
dancies (i.e., SELEX does not remove non-binding nucleotides) that do not affect
affinity. Many small molecular aptasensors have been developed with the orig-
inal primers retained.?*!?® In several instances, sequences have been modified
through insertions or deletions outside of the core region but without noticeable
perturbations of their affinities.*** While excess bases may be innocent with re-
spect to target binding affinities, their effect on signal transduction is expected to

depend on the sensor format used.
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Scheme 3.1: Overview of the AuNP aggregation based aptasensing method. The
scheme highlights the proposed suppression of target binding signals with the
long aptamer when bases outside of the binding domain (green) remain adhered
to the AuNPs, preventing aggregation.

Consistent with the proposed hypothesis, several noteworthy AuNP aggrega-
tion sensors achieve high performance using truncated versions of the parent ap-
tamer sequences. For example, the central 21-mer stem loop from the kanamycin
binding aptamer has a comparable Kp, (78.8 nM) as the parent 85-mer (85.6 nM)
and results in 25 nM level of detection in the AuNP format."*” A 20-mer stem
loop binding region was also identified within a 91-mer aptamer for binding ac-
etamiprid (Kp 498 nM)*® and used in truncated form with AuNPs to achieve
5 nM detection in soil samples.’® Similarly, AuNP based sensors for bisphenol
A* and ochratoxin A** achieve 400 pM and 20 nM detection, respectively, us-
ing sequences excluding the regions flanking the putative binding domains in
the original aptamers. However, none of these studies have directly addressed
the proposed hypothesis through comparing the sensitivity of truncated versus
original extended sequences using the same AuNP sensor scheme. Nor have
previous studies directly probed how flanking nucleotide sequences affect sur-
face interactions with the AuNPs. While the vast majority of AuNP aggregation
sensors depend on target triggered dissociation from AuNP surfaces, systematic
investigations of aptamer length have only been carried out for less common for-
mats where the target triggers cross-linking®® or a conformational change to the

surface-bound aptamer that suppresses aggregation.’

In this research, the effect of flanking nucleotide sequences in a AuNP based col-

orimetric sensor was directly resolve for detecting E2 in water and urine samples.
It was found that by simply eliminating the flanking 20 or more nucleotides on
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either side of a core sequence yields a 25-fold improvement in sensitivity from
5 nM to 200 pM. The improvement of the 35-mer and 22-mer is only partially
related to improved affinity for E2 (Kps 14 and 11 nM), and also results in im-
proved discrimination against structurally similar molecules. Surface sensitive
electrochemical techniques were used to confirm that suppressed colorimetric
signal transduction for the longer 75-mer aptamer is a direct result of the resid-
ual affinity that target-bound aptamers have towards AuNPs. However, close
comparison of the 35-mer with the minimal 22-mer shows that retaining a small

number of excess bases is optimal.

3.3 Results and discussion

Development of colorimetric E2 sensor with the 75-mer aptamer

The investigation started with applying the AuNP aggregation assay illustrated
Scheme to the previously studied 75-mer E2 aptamer sequence in Chapter
The aptamer has a Kp of 25 nM. The colorimetric measurements were com-
plemented with (-potential measurements to probe how different states of the
aptamer perturb the AuNP surface properties. After mixing the 75-mer E2 ap-
tamer (33.3 nM) with AuNPs, the (-potential of the AuNPs decreased from -23.5
mV (40.3) to -40.2 mV (£0.9) (Table , thereby confirming successful adsorp-
tion of the poly ionic aptamer, and suggesting greater tolerance towards salt. This
was confirmed via a titration with salt, as shown in Fig. where aggregation is
evidenced by the reduced relative absorption of the unaggregated AuNP surface
plasmon peak 523 nm. The amount of aptamer for E2 sensing was also optimised
to be 33.3 nM 75-mer (or aptamer:AuNP of 3:1) for 14 nM of AuNPs (Fig. .1p).

Optimal aptamer:AuNP stoichiometric ratios used in the past vary widely from
only 1:1 or less**'#” to over 50:1.12¢130 This wide variation relates to different sizes
of AuNPs, as well as the sequence dependent affinities of aptamers to AuNPs.
Their intrinsic affinity is highly sensitive to the base composition, and is substan-
tially higher for sequences like the 75-mer where most bases exist freely in loop re-
gions (see Fig. than for those where most bases are bound in double-stranded
stem regions.”® Fig. shows that in this study, higher aptamer coverage results
in weaker sensitivity to salt, and a less sharp transition to aggregation. This ex-
cess protection towards aggregation buffers the AuNPs towards target-induced
aggregation at higher aptamer coverage.
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Figure 3.1: a) Salt titration of different concentrations of the 75-mer aptamer. b)
Sensitivity examination of various concentrations of the 75-mer aptamer with E2
concentrations. Optimised salt concentration was used for each case as detailed

in the Experimental Section.

Fig. shows that after incubating with 100 nM E2, the aptamer-coated AuNPs
lost resistance towards salt, confirming that at least some of the aptamers disso-
ciate from the AuNP surface when binding to E2. This conclusion is supported
by the less negative (-potential (-32.3 mV (£0.9)) measured for the AuNP-75-mer
after incubation with 1000 nM E2. Fig. also reveals the optimal salt concen-
tration (23.8 mM) for E2 detection, whereby the AuNP-75-mer dispersion is on
the edge of stability and where the introduction of E2 triggers significant aggre-

gation.

Fig. shows colorimetric detection for E2 in the nanomolar range and naked-
eye detection above 100 nM (top panel), where binding induced aggregation
turns the pink/red colloidal solution to purple/blue. The series of absorption
spectra (Fig. [3.3b) confirmed increasing aggregate absorption at 625 nm at the
expense of the unaggregated plasmon peak at 523 nm.”® Transmission electron
microscopy (TEM) and dynamic light scattering (DLS) measurements (Fig.
also provided qualitative support for E2-induced aggregation, although it should
be noted that the dry samples used for TEM are subject to additional aggregation
forces. The lowest colorimetrically detected concentration of E2 using the 75-mer
aptamer was 5 nM, with good linearity (R* = 0.92) over the range from 5 nM to
400 nM, before saturation occurs.

It was confirmed that the colorimetric signals arose from a specific interaction
with the aptamer by observing no colorimetric response when incubating E2 with
bare AuNPs and with AuNPs coated with a random 75-mer. This random se-
quence (given in Appendix D) has same total base composition as the 75-mer
aptamer but its bases are arranged randomly, thereby eliminating the specific
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Figure 3.2: TEM images (left) and photographs (right) of a) AuNP- 75-mer ap-

tamer, and the detection of b) 100 nM and ¢) 400 nM E2. d) DLS size character-

isation for the same set of samples (average size distribution is indicated in the

figure).

target-binding domain that evolved in the 75-mer aptamer. The less (-potential
and increased salt resistance compared with bare AuNPs confirmed that the ran-
dom sequence still coats the AuNPs, however incubation with E2 did not produce
further changes (refer to Table[3.1and Fig. B.3p).

Having established sensitivity towards E2, the ability of the sensor to discrimi-
nate against structurally similar molecules was examined with progesterone (P4)
and testosterone (T), which belong to the same steroidal family class as E2, and
non-steroidal compounds such as BPA and BPF (structures are shown in Fig.
in Chapter 2). These compounds were individually exposed to the AuNP-75-mer
colloidal solutions at 200 nM target concentrations, where E2 exhibits a strong
response (top panel of Fig. 3.3d). The 75-mer aptamer showed good discrimi-
nation against the non-steroidal molecules (BPA and BPF), however, T triggered
a 33% response and P4 a 45% response relative to E2 (Fig. 3.3d, raw spectra are
provided in Appendix[B} Fig. [B.2). The present specificity results are broadly con-
sistent with what was concluded from the size based sensor, Fig. [2.9/in Chapter
where the 75-mer aptamer responded to P4 and T and did not show affinity for
BPA and BPE
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Figure 3.3: a) Salt dependent aggregation of AuNPs, AuNP-75-mer aptamer and
AuNP-75-mer aptamer + 100 nM E2 (the same type of data for the 75-mer random
DNA is also shown), leading to determination of the optimal salt concentration
for sensing (indicated by the black arrow). Aggregation is measured via the rel-
ative absorption at 523 nm. b) Absorption spectra of E2 sensing with the 75-mer
aptamer. c) Colorimetric aptasensor response towards a range of E2 concentra-
tions using the AuNP-75-mer aptamer compared with bare AuNPs and AuNP-
random-75-mer controls. d) Specificity examinations of interfering molecules (at
200 nM) using the AuNP-75-mer aptamer colloidal solution. Normalised absorp-
tions at 523 nm were subtracted from the control and plotted relative to the E2
response. Error bars indicate standard deviation of the mean from three experi-
ments.

Truncation of the 75-mer aptamer and CD characterisation

Under E2 saturation, neither the colorimetric salt titration curve nor the (-potential
values returned to those of the bare AuNPs. Residual aptamer molecules remain
adhered to the AuNPs under these conditions, conferring electrostatic stability
and thus diminishing their potential sensitivity. Two conceivable scenarios are
that target-bound aptamers remain adhered to AuNPs via bases outside of the
binding region, and that some aptamer molecules are prevented from accessing
their target-binding structures when adhered to AuNPs. It was postulated that
specific binding occurs in the central stem-loop region of the minimum energy 2D
structure shown in Fig. (note that this figure is the same as Fig. shown
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in the previous Chapter). The minimum energy 2D structure was predicted by a
widely recognised method known as M-Fold,™ that calculates energy matrices
which determine optimal 2D structures (i.e. determining possible base pairing
within a sequence). To test how bases outside the central stem-loop region affect
signal transduction, the flanking sequences were eliminated as indicated in Fig.
B.4a. All of the forward and reverse primer sequences (fixed sequences used in
SELEX for PCR processes) were eliminated to generate a 35-mer aptamer, and a
more aggressively truncated 22-mer aptamer isolates the stem-loop binding re-

gion.

To explore the possibility that the flanking primers may also perturb the 3D struc-
ture of the core region and thereby enhance or suppress interaction with the tar-
get or with interfering molecules, the 3D structures via CD spectroscopy were
probed. CD spectroscopy has previously been employed to study 3D structures
of homogenous DNA and RNA, P32 a5 well as probing conformational changes
induced by interactions with the target.>**** A random ssDNA sequence of a
B-DNA form is characterized by ellipticity maxima and minima at 280 nm and

248 nm, respectively,*?

which is largely what is observed for the 75-mer aptamer
(Fig. [B.4p), although the maximum appears closer to 270 nm. After eliminat-
ing the flanking nucleotides, the new 35-mer and 22-mer aptamers showed dis-
tinctively different CD spectra. As shown in Fig. [3.4p, the 248 nm minimum is
retained with supressed intensity, but the 270 nm band splits into two bands at
265 nm and 295 nm. The observed CD spectra indicates a specific 3D stem-loop
structure that may exist for the common region of all three, but whose CD fea-
tures are obscured in the 75-mer by the long unstructured flanking sequences. It
was also found that replacing the flanking 20 base primer sequences with 20-T
sequences produced a similar CD spectrum as the 75-mer with primers (Fig.
in Appendix[B). Incubating each of the three aptamers with 10 M E2 resulted in
very minor changes in the CD spectra (Fig. [B.3]in Appendix[B) which is consistent

with previous CD investigations."**
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Figure 3.4: a) Secondary structure of the 75-mer aptamer indicating the truncation
positions to generate the 35-mer and 22-mer. The secondary structure was pre-
dicted by an online web server Mfold™ under the following conditions: 25 °C,
10 mM NaCl and 0.1 MgCl, (BWB conditions). b) CD spectra for 400 nM of the
75-mer and 600 nM of the 35-mer and 22-mer ap-tamers.

Kps of the 35-mer and 22-mer aptamers

Using the method that was previously described in Chapter 2| to determine the
Kp of the 75-mer aptamer (25 £3 nM), the Kp of the new 35-mer (14 +2 nM) and
22-mer (11 £1 nM) aptamers with E2 were determined, as shown in Fig[3.5|(more
details are provided in Appendix B} Fig. [B.9). Affinity for E2 was retained, even
slightly enhanced, upon truncating the flanking sequences, validating the simple
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shortening strategy employed.
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Figure 3.5: Saturation binding curve of E2 with the NP-35-mer, NP-22-mer and
NP-75-mer aptamers. Numbers in brackets indicate standard deviation of the
fits.

Sensing with the 35-mer and 22-mer aptamers

Having established that the shorter sequences still bound E2, their interaction
with AuNPs was investigated. Adsorption was confirmed by a more negative
(-potential when bare AuNPs were mixed with either aptamer; from -23.5 mV
to -29 mV for both the 35-mer and the 22-mer (Table 3.1). The smaller differ-
ence compared to the 75-mer aptamer (above) may result from a lesser degree
of aptamer coverage as well as the lower charge content of the 35-mer and 22-
mer forms. Interestingly, randomised sequences of each length (including the
75-mer) led to substantially more negative (-potential exceeding -40 mV (Table
(Sequences are provided in Appendix D). This comparison suggests that the
secondary structures adopted by the target-binding aptamers (with substantial
double-stranded stem regions) result in less total DNA coverage. This may be
due to them occupying a larger surface area than random DNA strands that can
be loosely tethered and have the flexibility to pack around each other, in addition
to the weaker affinity of double-stranded DNA to AuNPs. The observed vari-
ation in (-potential is also reflected in salt-titration measurements (Fig. for
the 75-mer, Fig. for the 35-mer and Fig. for the 25-mer) where random
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sequences resulted in a greater salt-resistance in comparison to their respective

aptamer sequences.

Table 3.1: (-potential values for different samples investigated during E2 sensing

with the parent 75-mer and truncated aptamers.

(-potential mV (STD, n = 3)
Sample No E2 1 M E2

Bare AuNPs -23.5(0.3) -24.0(0.7)
75-mer aptamer -40.2 (0.9) -32.3(0.9)
75-mer random -46.2 (0.7) -47 (1)

35-mer aptamer -29.0(1) -25.0(0.2)
35-mer random -41.0(1) -41.7(0.3)
22-mer aptamer -29.0(1) -24.3(0.8)
22-mer random -42.0(2)  -38.0(0.7)

When the AuNP-35-mer and AuNP-22-mer aptamers were incubated with 1000
nM E2, the (-potential increased to -25 mV and -24 mV. These values are close to
the original value of the bare AuNPs (-23.5 mV), in contrast to the large residual
difference observed when the same measurement was applied to the AuNP-75-

mer system above.

Tolerance to salt for the 35-mer and 22-mer aptamer-coated AuNPs was substan-
tially reduced upon specific interaction with E2 (Fig. and Fig. [3.7h), although
not to the extent of bare AuNPs, suggesting that the residual interaction between
target-bound aptamers and AuNDPs is not entirely eliminated in the shorter ap-
tamers. Again, randomised 35-mer and 22-mer sequences did not display any
further changes in (-potential (Table or salt resistance after incubation with
E2 (Fig. and Fig.[3.7p), which confirms the specificity of the observation.

Titration of the AuNP-35-mer aptamer against E2 with the optimized salt concen-
tration (23.8 mM), Fig. revealed a 25-fold enhancement of level of detection
compared with the 75-mer system, which is greater than expected from the mod-
est enhancement in Kps. E2 was detected down to 200 pM, and a good linear
response (R? = 0.94) was observed between 200 pM and 800 pM, beyond which
E2 can easily be detected by naked-eye (top panel).
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Figure 3.6: a) Salt dependent aggregation of AuNPs, AuNP-35-mer aptamer and
AuNP-35-mer aptamer + 100 nM E2 (the same type of data for the 35-mer random
DNA is also shown), leading to determination of the optimal salt concentration
for sensing (indicated by the black arrow). Aggregation is measured via the rela-
tive absorption at 523 nm. b) Colorimetric sensing of a range of E2 concentrations
using the AuNP-35-mer aptamer compared with bare AuNPs and AuNP-35-mer
random DNA controls. c) Specificity examinations of interfering molecules (at
800 pM) using the AuNP-35-mer aptamer colloidal solution. Normalised absorp-
tions at 523 nm were subtracted from the control and plotted as relative to E2 re-
sponse. Error bars indicate standard deviation of the mean of three experiments.

Full UV-vis spectra are provided in Fig. [B.1|-

Incubation of E2 with bare AuNPs and with a random 35-mer DNA coated AuNPs
did not show any interaction (Fig. [3.6b). Fig. shows the specificity exami-
nation of potentially interfering molecules at a concentration of 800 pM, where
E2 is visually detectable (top panel). The 35-mer aptamer exhibited no nonspe-
cific interaction with non-steroidal molecules, BPA and BPF, and in contrast to the
75-mer system, suppressed interference from T (4%) and P4 (4%).

Fig. shows that the 22-mer system delivers the same detection limit as the
35-mer (200 pM), although the magnitude of absorption change is approximately
half the size for the 35-mer. As with the 35-mer, the enhanced detection limit
towards E2 was also coupled to excellent discrimination against the entire suite

of potentially interfering molecules that were screened (Fig. [3.7c). Incubation
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of E2 with bare AuNPs and with a random 22-mer DNA coated AulNDPs did not
show any interaction.
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Figure 3.7: a) Salt dependent aggregation of AuNPs, AuNP-22-mer aptamer and
AuNP-22-mer aptamer + 100 nM E2 (the same type of data for the 22-mer random
DNA is also shown), leading to determination of the optimal salt concentration
for sensing (indicated by the black arrow). Aggregation is measured via the rela-
tive absorption at 523 nm. b) Colorimetric sensing of a range of E2 concentrations
using the AuNP-22-mer aptamer compared with bare AuNPs and AuNP-22-mer
random DNA controls. c) Specificity examinations of interfering molecules (at
800 pM) using the AuNP-22-mer aptamer colloidal solution. Normalised absorp-
tions at 523 nm were subtracted from the control and plotted as relative to E2 re-

sponse. Error bars indicate standard deviation of the mean of three experiments.

Full UV-vis spectra are provided in Fig. B.1|-

Electrochemical characterisation of aptamer surface dissociation

To further investigate the surface interactions between AuNPs and each of the ap-
tamers (with and without E2), chronocoulometry (CC) on AuNP electrodes was
used to determine the surface densities of the aptamers before and after interac-
tion with E2. This method is discussed briefly in this chapter. However, detailed
background of CC measurements, AuNP electrodes formation, characterisations
and experimental details are discussed in depth in Chapter[4.2]
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Using the CC method developed by Steel et al,»* surface-bound DNA was ex-
posed to a positively charged redox probe (RuHex: Ru(NHj)s*") that electro-
statically binds to the phosphate groups. The DNA surface coverage density is
related to the density of bound probes, which is measured via CC and separated
from the unbound probe concentration via resolving time-dependent currents.
AuNPs were electro-deposited on a glassy carbon electrode to form a dense layer
of AuNPs and exposed to concentrated solutions of the 75-mer, 35-mer, or 22-mer
aptamers. CC measurements obtained prior to and after exposure to the RuHex
probe leading to measured surface coverage densities of 1.12 x 10%3, 4.42 x 10'?,
and 4.2 x 10'* molecule cm™? for the 75-mer, 35-mer, and 22-mer, respectively
(Fig[3.8]and Table[3.2). The higher surface densities measured for the shorter ap-
tamers may reflect their smaller surface requirements than the 75-mer.

50 %

27 %

Surface density
(/10" molecule/ cm?)
(N

43 %

75-mer 75-mer + E2 35-mer 35-mer + E2 22-mer 22-mer + E2

Figure 3.8: Surface densities of 75-mer aptamer, 35-mer aptamer, and 22-mer ap-
tamer before and after incubation with 20 M E2. Further details regarding ran-
dom sequence controls are found in Table

After incubation with 20 uM E2, 43% of the 75-mer remained bound to the sur-
face. A more pronounced reduction in aptamer coverage was observed for the 35-
mer, with only 27% remaining adsorbed to the AuNP surface after E2 incubation.
Consistent with the (-potential and salt titration experiments mentioned earlier,
the shorter sequence resulted in improved, although still incomplete, dissocia-
tion of target-bound aptamers from AuNP surfaces. Although the residual frac-
tions of adsorbed aptamers differed by less than a factor of two, this can account
for the substantially different extent of aggregation near the stability threshold

that colorimetric sensors operate. This provides further support for the proposed
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hypothesis that excess bases suppress signal transduction and explains much of
the sensitivity enhancement observed for the 35-mer over the 75-mer, in addi-
tion to the slightly enhanced Kp value. Control experiments using randomized

sequences verify the specificity of aptamer dissociation (Table [3.2).

Table 3.2: Surface densities for different samples investigated during E2 sensing

with the parent 75-mer and truncated aptamers.

Surface density /10" molecule/ cm?

Sample No E2 20 UM E2
Bare AuNPs - -
75-mer aptamer 1.12 0.48
75-mer random 1.01 1.04
35-mer aptamer 4.42 1.3
35-mer random  4.08 34
22-mer aptamer 4.2 2.1
22-mer random 4.9 4.6

The 22-mer did not produce further improvement in aptamer dissociation from
AuNPs, in spite of the more aggressive elimination of bases outside of the puta-
tive target-binding domain. This observation is in line with the smaller amplitude
colorimetric sensing response (Fig. [3.7b) compared with the 35-mer identified in
Fig.B.6b. It appears that retaining a small number of bases outside of the putative
binding region is optimal. This unexpected result highlights the fine balance that
must be achieved between the aptamer’s interaction with the AuNPs and with
the target. By design, the 22-mer contains no redundancy outside of the likely
target-binding region, meaning that bases committed to target binding cannot
easily bind to AuNPs. However, corollary is that for 22-mer to adsorb to the
AuNPs in the first place, they may remain trapped in structures that do not inter-
act with the target. Target binding aptamer structures accessible in solution will
not contribute to the sensor if they are not first adsorbed to AuNPs. On the other
hand, the 35-mer had enough additional bases to assist the weak adsorption of
structures presenting a favourable target-binding domain, but not so many that

target-bound aptamers do not subsequently dissociate.

64



Sensing E2 in spiked urine samples with the 75-mer and 35-mer aptamers

Finally, having demonstrated a route to enhanced sensitivity and selectivity to-
wards E2, the operation of E2 sensor in the more challenging matrix of rat urine
was examined. The colorimetric AuNP sensor format has yet to be implemented
in urine, to the best of our knowledge. The challenge is illustrated by the signifi-
cant aggregation observed when citrate coated AuNPs are exposed to urine (5%
by volume in water) without additional salt (top panel of Fig. [3.9a). The ionic
strength of the rat urine (2.1 mM, as estimated by the conductivity measurement
shown in Fig. , Appendix B) is too low to account for the aggregation based
on the stability of AuNPs up to 10 mM ionic strength in water (Fig. [3.3p). It is
possible that specific complexation between adsorbed citrate species and specific

metal ions including Zn?*, Cu?*, and Fe?" may promote aggregation.’##13

Inclusion of the 35-mer aptamer prevents aggregation in the presence of 5 % urine
(by volume), and indeed leads to tolerance towards ionic strengths of over 60 mM
(over two-fold greater than in water, Fig. vs. Fig. B.3p). This observation
further highlights the potential for interference from the urine matrix, for exam-
ple the capacity of urine-based proteins and other molecules to sequester ions
or adsorb on the surface of AuNP-aptamer (i.e. urine-based proteins and other
molecules interact with the surface of aptamer-coated AuNPs to further stabilize
them towards salt). Repeating the salt titration experiment in the presence of
spiked E2 (Fig. 3.9a) reveals an optimal ionic strength of 57 mM for sensing E2
in rat urine (no reduction in salt resistance was observed for the random 35-mer
sequence - Fig. [3.9a). Fig. shows that spiked E2 was detected, visually and
spectroscopically, from 5 nM up to 1 uM, with a linear response from 50 nM to
800 nM (R? = 0.95) before saturation occurs.

Fig. also confirms that the sensor retains excellent discrimination against po-
tentially interfering molecules in urine, including those from the same steroidal
hormone family (additional details are provided in Appendix [B|in Fig. [B.6|- Fig.
[B.8). While the detection limit is 25-fold lower than in water (Fig. [3.6p), the
improvements resulting from removing flanking nucleotide sequences are still
enough to detect biologically relevant concentrations of E2 in a complex physi-
ological medium.™® On the other hand, the level of detection was found to in-
crease by three orders of magnitude to 5 M for the longer 75-mer system (Fig.
, and UV-vis spectra in Fig. Appendix , which would prevent practical
application of the 75-mer.
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Figure 3.9: a) Salt dependent aggregation of AuNP-35-mer aptamer and AuNP-35-
mer aptamer + 100 nM E2 in rat urine (the same type of data for the 35-mer ran-
dom DNA is also shown), leading to determination of the optimal salt concentra-
tion for sensing (indicated by the black arrow). Aggregation is measured via the
relative absorption at 523 nm. Photographs of AuNPs and AuNP-35-mer aptamer
before and after addition of 5 pL rat urine are shown. b) Colorimetric sensing of
E2 concentrations in spiked rat urine using the AuNP-35-mer and AuNP-75-mer
aptamers compared with AuNP-35-mer and 75-mer random DNAs control. c)
Specificity examinations of interfering molecules (at 200 nM) in rat urine samples
using the AuNP-35-mer aptamer colloidal solution. Normalised absorptions at
523 nm were subtracted from the control and plotted as relative to E2 response.

Error bars indicate standard deviation of the mean of three experiments.

3.4 Chapter conclusion

The chapter presented the development of a simple and reliable colorimetric ap-
tasensor for the detection of E2, with a detection limit of 200 pM and with discrim-
ination against molecules belonging to the same steroidal family as E2. Starting
from the 75-mer aptamer, the sequence was truncated to generate 35- and 22-base
variants. The resulting performance of the 35-mer aptamer surpasses existing
colorimetric aptasensors and the improvement was attributed to two factors; i)
slightly improved aptamer affinity for E2 when the flanking nucleotide sequences
were eliminated, and ii) suppressed residual affinity of target-bound aptamers to
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AuNPs, which was proven via (-potential measurements and chronocoulometry.
In spite of the minimalistic 22-mer also being effective, close comparison of its
AuNP surface interactions vs. those of the 35-mer showed that a small number
of excess bases are required in order to achieve the optimal balance of affinity to
AuNPs and the target. Finally, it was demonstrated that the benefit of eliminating
redundant bases from the aptamer sequences used in AuNP assays is amplified
in biologically complex samples, enabling the first demonstration of a colorimet-
ric AuNP sensor in urine. The present work provides a highly effective sensor
scheme for sub-nanomolar E2 detection, as well as a simple methodology that
is broadly applicable to the growing number of colorimetric aptasensors. More
generally, this work demonstrates the benefit of editing aptamer sequences with

specific regard to the way signals are transduced in a given aptasensor platform.

3.5 Experimental section

Chemicals and Materials used in this Chapter can be found in Appendix D}

Synthesis of AuNPs

AuNPs (10 nm in diameter, TEM images in Fig. were synthesized by the re-
duction of HAuCl, with sodium citrate.’*” Briefly, an aqueous solution of HAuCl,
(100 mL, 1 mM) was stirred vigorously at 250 °C and a solution of sodium citrate
(10 mL, 38.8 mM) was added immediately. After boiling for 10 min, the solution
was stirred for another 15 min at room temperature and then stored at 4 °C for
later use. The concentration of AuNPs was estimated to be 14 nM from the cal-
culation based on Beer-Lambert law using an extinction coefficient of 2.7 10 M
cm ™! at 525 nm. 1

Formation of AuNP-aptamer hybrids

Before exposure to aptamers, AuNPs were purified in order to minimise the cit-
rate stabilisation and make their colloidal stability more sensitive to the pres-
ence of aptamers on their surfaces. Purification was achieved via 1:10 dilution of
AuNPs in deionized water (Milli-Q, 18.2 M{2cm), centrifugation at 12,500 rpm for
15 min (MIKRO 120- Hettich) and then resuspension to the initial concentration in
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deionized water (Milli-Q, 18.2 M{Q2cm). Removal of excess citrate was confirmed
by (-potential values of (-33.46 mV (+0.35)) before and (-23.5 mV (£0.28)) after
purification. 3 mL of the purified AuNPs was immediately mixed with 0.1 nmol
of the different aptamers, 75-mer, 35-mer, and 22-mer (from a solution of aptamer
in deionized water (Milli-Q, 18.2 MQ2cm)) (or random DNA, in the case of con-
trol experiments) to yield an aptamer concentration of 33.3 nM and an aptamer:
particle ratio of 3:1, for a particle number of 2.5 x 10". The suppressed target sen-
sitivity observed for higher aptamer loading is presented in Fig. NP-aptamer
samples were prepared 1 hour prior to the sensing experiments. The sequences
of different DNAs are provided in Appendix D]

Salt titration

Salt titration experiments: The ionic strength was independently adjusted by
adding different volumes of 0.5 M NaCl to 100 uL samples of bare AuNPs, AuNP-
aptamer or AuNP-aptamer + 100 nM E2 (the same experiments were repeated
with the respective random DNA polymers. The samples were left for 15 min
and UV-vis absorption was measured, using the relative absorption at 523 nm

(As23 (rel.)) to evaluate the degree of aggregation.

Target detection

Target detection: Water was collected from the Hutt River, Wellington, New Zealand
and pre-treated via stirring 50 mL overnight at room temperature with 1 g of ac-
tivated charcoal to eliminate any traces of organic compounds, including estro-
genic compounds, and filtering twice with 0.22 ym syringe-filters. The conduc-
tivity was 100 us em ™ (at 25 °C), indicating very low salt content, and the pH was
8. It was verified that the sensor exhibited the same behaviour when using deion-
ized water (Milli-Q, 18.2 M{)cm) instead of river water. Stock solutions of the tar-
gets were made in ethanol before adding appropriate volumes to the water and
adjusting the final ethanol content to 5%, ensuring sufficient target solubility. 20
pL of the resulting test samples were added to 100 ;L of AuNP-aptamer solution
to obtain different E2 concentrations in a total reaction volume of 120 pL. Con-
trol samples comprised blank water containing 5% ethanol. Samples were then
incubated for 10 min at room temperature to facilitate binding to the target. The
optimized NaCl concentration to trigger aggregation (10 mM for bare AuNPs,
23.8 mM 75-mer and 35-mer aptamers and 19.8 mM for the 22-mer aptamer),
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followed by gentle shaking, visual inspection after 15 min and measurement of
UV-vis absorption of 5 uL aliquots using a Thermo Scientific NanoDrop”* 1000
Spectrophotometer.

Rat urine was collected; by Dr. Christine Stockum, from the School of Biological
Sciences, Victoria University of Wellington; from sexually mature ship rats (Rat-
tus rattus). Then it was filtered with 0.22 ym syringe-filters and spiked with E2
and interfering molecules after adjusting the content of ethanol to 5% (control rat
urine sample comprised blank rat urine containing 5% ethanol). 5 L of spiked
urine was added to 100 pxL, AuNP-75-mer aptamer, AuNP-35-mer aptamer, or
AuNP-22-mer aptamer (and the respective random DNA sequences), incubated
at 50 °C for 10 min, followed by addition of optimised NaCl (57.4 mM), gentle
shaking, visual inspection after 15 min and measurement of UV-vis absorption as

previously described.

Sensitivity examination experiments for the 75-mer Aptamer

Sensing of E2 with various concentrations of the 75-mer aptamer were done as
previously described but with different salt concentration. The concentrations
of NaCl for each system were as follow 23.8, 28.3 and 45.4 mM NaCL for 33.34,
66.67, and 100 nM 75-mer aptamer respectively.

Transmission electron microscopy (TEM) and dynamic light scattering (DLS)
size characterisation

TEM was performed on a JEOL 2010 microscope (200 kV). 5 uL of AuNP sam-
ples was cast onto carbon-coated copper grid and followed by evaporation of the
solvent under vacuum. A Zetasizer Nano ZS (forward scattering mode, Malvern
Instruments, UK) with a 633 nm red laser was used for the size measurements.
Salt was added to the 120 pL samples, which were then diluted to 1 mL using
deionized water (Milli-Q, 18.2 M{lcm), placed in a 1 cm path length disposable
cuvette, inserted in the Zetasizer and equilibrated at 25 °C for 2 minutes prior to

data acquisition.
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(-potential

(-potential measurements: 120 ;L samples of AuNPs alone, AuNP-aptamer and
AuNP-aptamer + 1000 nM E2 (previously incubated at room temperature for 1
hour) without salt added were centrifuged at 12,500 rpm for 15 min (i.e, to re-
move excess aptamer) and then re-suspended in 1 mL using deionized water
(Milli-Q, 18.2 M{2cm) (the same experiments were done with the respective ran-
dom DNA controls). Samples were loaded into a folded capillary cell, which was
inserted into a Zetasizer Nano ZS equipped with a 633 nm laser (Malvern Instru-
ments, UK) and equilibrated at 25 °C for 2 min prior to undertaking (-potential
measurements in triplicate (reported as average value + standard deviation as
shown in Table The following parameters were fixed: pH 7; viscosity 0.887

mPa s; and refractive index 1.33).

DNA surface density measurements via chronocoulometry (CC)

After deposition of AuNPs on glassy carbon electrode as detailed and charac-
terised in Chapter 4, 0.1 nmol (16.7 uM) of 75-mer aptamer, 35-mer aptamer and
22-mer were incubated with AuNP electrode for 20 min (a control experiment via
exposing the aptamers on GCE resulted in no adsorption). 20 uM of E2 was made
in BWB as described previously, Chapter 2, and incubated with AuNP electrode
coated with aptamers for 15 min. The same experiments were repeated with the
respective random DNA sequences as control experiments. The DNA surface
density on AuNP electrode (before and after sensing of E2) was determined us-
ing the CC method developed by Steel et al.’** The adsorbed DNAs (aptamers or
random DNAs) on AuNP electrodes were first immersed in a low ionic strength
electrolyte, 20 mM tris-HCI buffer (2-amino-2-(hydroxymethyl) propane-1,3-diol
hydrochloride) at a pH 7.4, the potential stepped from 200 to - 500 mV versus
(Ag/AgCl) for 500 ms (using BAS 100A electrochemical analyser), and the result-
ing charge flow was measured. The electrode was then immersed for 20 min in a
solution of 150 M Ru(NHj3)s** (RuHex) 10 mM tris-HCl buffer at a pH 7.4, and
the measurement repeated. Details of extracting the aptamer densities are dis-
cussed in depth in the next Chapter [4in addition to determination of the surface

area of AuNP electrode.
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Kp measurements

The procedure for estimating the Kp of the 35-mer and 22-mer was based on that
used for the 75-mer previously described in Chapter[2l As shown in Fig. the
measured fluorescence intensities at 310 nm were first converted to concentration
via an E2 calibration curve (with detection limit of 5 nM). By expressing a mea-
sured E2 concentration as an unbound fraction, 1/£,, as a function of 1/total E2
concentration, the Kp was determined as 14 +2 nM and 11 &1 nM for 35-mer and
22-mer, respectively, and applying Eq. refer to Fig. A saturation offset
at f, = 0.6 was observed due to partial loss of the NP-35-aptamer and NP-22-mer
aptamer conjugates during the centrifugation, and renormalized to f, (max) = 1.
Excitation and emission slit widths were set to the relatively low resolution of 5
nm and 10 nm respectively in order to enhance the measured fluorescence inten-

sities in such dilute samples.
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Chapter 4

Electrochemical impedance
spectroscopy based aptasensors

4.1 Abstract

This chapter describes two different electrochemical impedance spectroscopy (EIS)
based aptasensors for E2. The first approach affords a femtomolar detection limit
of the target and excellent specificity against interfering compounds. This sensor
features the E2 aptamers functionalized via amide bonds to a conducting polymer
modified electrode whose surface potential is probed via EIS. E2 binding causes a
redistribution of negative charges in the electrode double-layer region when the

aptamer adopts a folded conformation around the small neutral target molecule.

As an alternative strategy, the non-specific adsorption of aptamers onto Au sur-
faces is investigated and contrasted with the conventional tethering approach
using thiol-gold bonds. Using EIS and cyclic voltammetry (CV), the interfacial
properties of flat and nanoparticulate gold electrodes coated with aptamers via
both binding modes are found to be profoundly different. While tethered ap-
tamers suppress interfacial charge transfer from a redox probe, adsorbed ap-
tamers are found to markedly enhance charge transfer, which is explained via the
redistribution and displacement of surface ions. Moreover, the non-specifically
adsorbed aptamer completely coats the surface to passivate it against spurious
interactions, as well as cross-linking the nanoparticulate electrode. This combi-
nation of properties results in a simply fabricated and highly effective sensor for
E2, whereby increased charge-transfer resistance (Rcr) is resolved when target-
bound aptamers dissociate from the electrode surface. The sensor exhibited a
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femtomolar level of detection, excellent selectivity against potentially interfering
molecules, and robust operation in urine samples. The simplicity and perfor-
mance of the sensor platform renders it applicable to a wide range of other targets

for which aptamer sequences are available.

Structure of the chapter

An overview of EIS is firstly presented followed by a brief discussion of the work
carried out to construct an EIS based aptasensor for E2 using conduction poly-
mer modified electrodes. In the second half of the chapter, a novel aptasensing
scheme for E2 based on EIS and the non-specific adsorption of aptamers on Au
surfaces is presented. Both aspects of this chapter were carried out as a collabo-
ration with Bicheng (Amy) Zhu and Professor Jadranka Travas-Sejdic of the Uni-
versity of Auckland, collectively producing two manuscripts for publication. In
this chapter, the scope of discussion of the conducting polymer related work (for
which I am the second author on the corresponding paper) is limited to describ-
ing the basic properties and mechanism of the sensor. These features will then
be contrasted with the Au based system (for which I am the lead author on the
manuscript), which will be described in greater depth in this chapter. Further
details of the conducting polymer sensor is published in the literature (accepted
article, Biosensors and Bioelectronics, doi:10.1016/j. bios. 2015.03. 050) and will
also be published in Amy Zhu's thesis.

4.2 Overview of EIS

Electrical resistance is the ability of a circuit element to resist the flow of electrical
current described by Ohm’s law, Eq.

,
R== (4.1)

as the ratio of voltage (V) and current (I). The resistance is used for electrical
circuits where it is independent of frequency and the alternating current (AC)
and voltage signals through a resistor are in phase with each other.

However, real world electrochemical cells present much more complex behaviour

where resistance and capacitance have to be considered. Electrical impedance ac-
counts for the total opposition to the flow of an AC current at a given frequency.
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In an Electrochemical cell, electrical impedance (Z) is typically measured by a
technique known as electrochemical impedance spectroscopy (EIS). EIS measure-
ment involves application of a constant bias plus small sinusoidally oscillation
potential over a range of frequencies (modulated from high to low) and measure-
ment of the current response.”” From this measurement it is apparent that the
impedance is the ratio of the voltage-time function V(t) and the resulting current-
time function I(t):
V()

7= g +iZ 42
100 +J (4.2)

where j is v/—1.1 The I(t) can differ in terms of the amplitude and show a phase
shift in comparison to the V(t) function. Thus, the impedance value can be de-
scribed by the real part of impedance Z,. and the imaginary part of impedance
Z;n, as described by Eq. The data is commonly presented by Nyquist plots as
shown in Fig. . The Randles circuit, shown in Fig. , is used to separate
different components present in EIS data.”®*” EIS components includes charge
transfer resistance Rer (inversely proportional to the rate of electron transfer) that
presents at the kinetically controlled domain at high frequencies (w), double layer
capacitance Cq4 , solution resistance Ry, and Warburg impedance Z,, (arises from

mass transfer limitations at low w).

A
£
N .o. Mass
& transfer
A control
Z_ (Ohm)
B C,
R, W

Figure 4.1: a) An example of EIS signal output represented as Nyquist plot, with
the key processes and parameters highlighted. Data points (symbols) are fitted
with b) Randles equivalent circuites of resistors and capacitors to interpret the
electrochemical system.
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A freely diffusing redox reporter, typically ferro/ferricyanide couple [Fe(CN)s]3/,

is used in EIS to probe the surface modification. Changing the diffusional access
of the redox reporter to the electrode surface impacts the rate of redox conver-
sion and hence attenuation in EIS is seen as an increase or decrease of the charge

transfer resistance Rer.201%

EIS is particularly well-suited for the detection of binding events on the electrode
surface as well as characterising surface modifications. The method has found
increasing application in the so-called label-free DNA sensing using various elec-

d"** and conducting polymers.**## Covalent cou-

trode surfaces including gol
pling of the polyionic ssDNAs to the surfaces via amide bond (OC-NH) or Au-S
bond results in self-assembled monolayers that increase the electrode surface po-
tential near the electrical double layer which act as a kinetic barrier limiting the
redox conversion reaction and transduced as an increase in Rer. 144142140 Hybri-
dising a target DNA to form dsDNA alters the double layer potential and/or po-
tential distribution and consequently change in the kinetics of the redox reaction

which determines Rcr.

4.3 E2 aptasensing based on conducting polymer

4.3.1 Introduction

The following section will briefly discuss the first application of conducting poly-
mer based electrodes in small molecule sensing, particularly the detection of E2.
Previous research from our collaborator, Professor Jadranka Travas-Sejdic (School
of Chemical Sciences, University of Auckland), indicated a remarkable success of
conducting polymer based electrodes in DNA sensing.#* #1215 The previously
demonstrated DNA sensors show that electrochemically conducting polymers
(ECPs) are ideal for probing charge redistribution within a few nanometers of
the electrode surface, they are easily grown via electropolymerisation and co-
valently functionalized with DNA, their redox properties are well-matched to
ferricyanide probes, and their nanoporous morphology amplifies effects within
the electric double-layer region. Therefore, an ECP (poly-pyrrole-pyrroleacrylic
acid) was selected to construct a sensor for E2 as well as to understand the signal

transduction mechanisms for neutral low MW targets.
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4.3.2 Results and discussion
Construction of electrochemically conducting polymer electrode

Fig. shows different steps were undertaken to construct the aptasensor. The
nanoporous ECP electrode was grown by electropolymerisation of pyrrole (Py)
and 3-pyrroleacrylic acid (PAA), with a mole ratio of Py:PAA 25:1, on a glassy
carbon electrode (GCE) to yield a copolymer, poly(Py-co-PAA) following previ-
ous reports™31# (SEM image is shown in Fig. [4.2b). Subsequently, the COOH
groups were activated by EDC/NHS to mediate an amide bond formation with
the amine terminated 75-mer aptamer, as previously described in Chapter 2 with
carboxylated polystyrene NPs.

EIS is an ideal tool to probe step by step surface modifications as shown in Fig.
d.2c. The change in the interfacial surface properties of the aptamer function-
alised ECP electrode in a phosphate-buffered saline solution was recorded in
presence of the anionic redox probe [Fe(CN)g]?/*. The initial reduction in Rt
indicated by size of the semicircular component in the low Z region, is charac-
teristic of high surface area ECP film formation." The covalent tethering of the
negatively charged DNA aptamer increases Rcr owing to the electrostatic barrier
impeding access of the anionic redox probe.'*#14¢ Accordingly, it was verified the
covalent nature of aptamer attachment by observing a lack of Rct response when
the coupling reagents (EDC/NHS) were omitted. Further treatment of the surface
with 5 nM of E2 resulted in a pronounced increase in Rcr induced by binding the
target.

E2 sensing with the 75-mer aptamer tethered to ECP electrode

Having established a hybridised ECP electrode with the 75-mer aptamer with an
initial promising signal for 5 nM E2, the sensitivity and specificity of the sen-
sor was investigated. Fig. shows the sensor response, presented as Nyquist
plots, towards E2 over a wide concentration range when the same electrode was
sequentially exposed to higher E2 concentrations in BWB. Fig. shows the
same data presented in differential form (ARcr/Rcr’) to quantify the normalized
Rer variation compared with the aptamer-functionalized electrode without expo-
sure to E2. The pronounced monotonic increase in ARcr/Rcr® can be attributed
to specific aptamer-target binding by observing a negligible response towards E2
when the aptamer is omitted (base line response seen in Fig. [4.3p).
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Figure 4.2: a) Construction of the aptasensor and schematic representation of E2
sensing. b) SEM image for electropolymerised poly(Py-co-PAA) film. c) EIS spec-
tra, presented as Nyquist plots of different electrodes (1) bare GCE, (2) after elec-
tropolymerisation, (3) after immobilization of the 75-mer aptamer, and (4) after
incubation with 5 nM E2. Experimental data (symbols) are fitted to the Randles

equivalent circuit model.

Remarkably, E2 was detected as low as 1 fM, with a monotonic quasi-logarithmic
response over 9 orders of magnitude up to 1 M. Error bars shown in Fig. are
standard deviation of the mean of three individual experiments conducted with
three different electrodes. The strongly amplified Rer signals are explained as a
result of conformational changes of the aptamer within the double layer upon
binding the low molecular weight target E2. Binding-induced redistribution of
aptamer charges towards the electrode surface can account for the observed in-
creased Rer which indicates a slower rate of redox conversion and limited surface
access of the [Fe(CN)y]?/* (as depicted in ). The EIS results are consistent
with the previously noted compact conformation with the size based aptasenor,
Chapter 2, when the 75-mer aptamer recognised its target.
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Figure 4.3: a) EIS spectra presented as Nyquist plots characterising the response
towards E2. Experimental data (symbols) are fitted to the Randles cell equivalent
circuit (lines). b) Differential change in Rer vs. concentration of E2, progesterone,
and bisphenol-A. The response towards E2 is also shown for a control electrode
lacking the aptamer (when the aptamer was exposed to the surface with no ac-
tivation using EDC/NHS). Error bars represent standard deviations from three

individual experiments.

Specificity of the 75-mer aptamer: A comparison with pervious aptasensors in
this thesis

The sensor exhibited excellent discrimination against a structurally similar steroidal
hormone progesterone (P4) and a non-steroidal estrogenic compound bisphenol-
A (BPA). It should be noted that the 75-mer aptamer showed affinity towards P4
when sensing with TRPS (Fig. and with the colorimetric sensor (Fig. [3.3).

78



However, EIS based sensor showed excellent discrimination against P4. The dif-
ferences in the non-specific interaction observed with aptamer using the various
sensors developed in this thesis could be attributed to the experimental set up of
the sensors. Sensing with EIS involves exposing the aptamer functionalized elec-
trode to a target for a given amount of time, followed by thorough washing steps
with BWB to remove unbound target molecules, and then EIS measurements are
taken. It could be speculated that, initially, the 75-mer aptamers could weakly
bind P4 molecules, but subsequent washing steps could cause the molecules to
be removed. On the other hand, in solution sensing of P4 molecules, by TRPS and
the colorimetric aptasensors, is not subjected to any washing steps where weakly
associated molecules could be removed.

Sensing with the 75-mer aptamer versus sensing with the 35-mer aptamer
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Figure 4.4: Differential change in Rcr vs. concentration of E2, comparing the re-
sponse of the 75-mer aptamer against the response of the 35-mer aptamer.

Close comparison between the performance of the 75-mer and 35-mer aptamers
tethered to ECP electrode revealed that the excess flanking nucleotides could play
a favourable role by enhancing Rcr signal when bringing more charges to the
double layer region. In contrast, a weaker response was observed with the 35-
mer after 1 nM concentration of E2, as shown in Fig. In the colorimetric
aptasensor, the 35-mer showed a 25-fold increase in level of detection of E2 in
comparison to the 75-mer aptamer. In fact, it is the way aptamer’s signal is trans-
duced by the aptasensor platform that determines the performance of long or
truncated sequences.
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4.4 EIS-based E2 sensing with non-specifically adsorbed

aptamers on Au electrodes

44.1 Introduction

Monolayer films of ssDNA probes, including aptamers, are extensively function-
alised onto Au electrodes for diagnostic and bioanalytical applications. In DNA-
based electrochemical sensors, the DNA is mostly modified with a thiol group at
one end to facilitate a strong covalent tether to the Au electrode and allow the
DNA probe molecule to extend away from the surface.™™"1>2 When the polyan-
ionic DNA recognises its target to form double stranded DNA™#% or a DNA

aptamer-target complex, ©123

charges are redistributed in the electric double layer
region. Small interfacial charge redistribution substantially alters the redox ki-
netics of extrinsic molecules, [Fe(CN)s]®/**, which is commonly quantified via
changes in the Rer using EIS. 144142040 This is overall what is seen in the conduct-

ing polymer case (Section[4.3), but with amide coupling.

After functionalising Au electrodes with thiolated DNA when fabricating bioan-
alytical devices, it is essential to back-fill the remaining exposed Au surface with
short alkylthiol chains in order to eliminate spurious signals from non-specific ad-
sorption to the electrode.’»!1>> The maximum packing density of tethered DNA
is approximately 5 x 10" /cm? ¢ which is constrained by the steric requirements
of free DNA strands that leaves vacant thiol binding sites being on the underly-
ing surface.’>” Besides the numerous unknown constituents of the test solution,
DNA itself can also adsorb to exposed Au surfaces via its nitrogen bases.™>%1>
Non-specific DNA adsorption is perceived to be undesirable in electrochemical
sensors using DNA probes, however, it has yet to be explored as an alternative

strategy in itself, in spite of several potential advantages.

One motivation for pursuing electrochemical DNA aptasensors that have non-
specifically adsorbed DNA probes is that perturbations associated with target
binding must occur in direct proximity to the Au electrode surface. In an elec-
trolyte with 1.7 M ionic strength (typical for EIS of biological systems), 14244314
the Debye screening length is less than 1 nm, and a large fraction of the electrode
potential is compensated by the very first layer of ions. Secondly, by exploit-
ing weak adsorption interactions that demand extensive surface contact, it was
hypthesized that the requirement for additional surface passivation steps might

be eliminated when Au electrodes are saturated with DNA probes covering the
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surface. Thirdly, as discussed in Chapter [3 the operation of colorimetric aptasen-
sors demonstrates that DNA molecules adsorbed onto Au surfaces are still able
to recognise target molecules. In colorimetric sensors, the adsorbed DNA sta-
bilizes Au nanoparticle dispersion towards salt-induced aggregation. The DNA
probes can dissociate from the nanoparticle surface upon interaction with the tar-
get, which triggers aggregation and thus a visible colour change. This concept

has been successfully applied to the detection of specific DNA sequences,**1¢

HH26027 and proteins,* frequently achieving nanomolar to sub-

38

small molecules,

nanomolar levels of detection.

In this research, the interfacial properties of non-specifically adsorbed DNAs on
flat and nanoparticulate Au electrodes compared with those covalently tethered
via thiol linkers were investigated, as depicted in Scheme It was demon-
strated that the surface orientation of the DNA strongly affects the interfacial
charge distribution, leading to pronounced differences resolved by EIS and cyclic
voltammetry. In comparison to thiol tethered DNA, surface adsorbed DNA leads
to decreased Rt values, lower total DNA content under saturation, as well as
effective passivation, and stabilization of Au nanoparticle (AuNP) electrodes.
These properties were all explained via the different binding modes and they
were exploited in a new class of electrochemical aptasensor that was demon-
strated in this chapter. The investigation focused on the 35-mer aptamer for
E2 that was found to be effective in the colorimetric aptasensor, as discussed in
Chapter (3l This simple new sensor has a 1 fM level of detection, wide dynamic
range (comparable to the EIS based ECP sensor for E2 using the 75-mer aptamer),
excellent selectivity against potential interfering molecules, and robust operation

in urine - even in the absence of passivation steps.

Scheme 4.1: Illustration of different coupling modes of thiolated aptamers (cova-

lent) and non-thiolated aptamers (non-specific adsorption).
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4.4.2 Results and discussion

Covalent tethering versus non-specific adsorption: The effect on interfacial ion

distribution

Fig. shows EIS data presented as Nyquist plots for a flat Au electrode func-
tionalised with a thiolated 35-mer DNA aptamer for E2 compared with the same
aptamer lacking the thiol group, as well as the bare electrode. The composition
of the coupling solution and the coupling protocol was identical for the thiolated
and non-thiolated DNA samples, other than the presence of the thiol group, as
detailed in the Experimental Section of this Chapter. The Nyquist plots are fit-
ted to the Randles cell equivalent circuit, from which the interfacial Rer is ex-
tracted as the diameter of the characteristic semicircle. Fig. shows that co-
valently coupling the 35-mer DNA aptamer increased the Rer from ~ 332 Q to
1700 €2, consistent with previous EIS investigations employing covalently teth-
ered DNA.#16IH163 The observed Rer increase is explained by the negative charge

of the DNA impeding the access of negatively charged [Fe(CN),]?/

redox probe
molecules near the surface. However, the non-specifically adsorbed 35-mer DNA

aptamer results in significantly reduced Rcr, from ~ 332 © to 32 0.
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Figure 4.5: EIS spectra, presented as Nyquist plots for a flat Au electrode modified
with the 35-mer aptamer via covalent and non-specific couplings. The Randles
equivalent circuit model was used to fit the experimental data (symbols) of EIS.

To understand this effect, it is necessary to consider the charge distribution near
the electrode and how it is perturbed for both configurations of DNA attachment.
When a metal electrode comes into contact with an electrolyte solution, an elec-
tric double layer is created by strongly polarised electrolyte ions at the charged

82



164

electrode surface."** The length scale of the double layer region can be estimated

by the Debye screening length Ap:

eo€ kT
Ap = 4.
D=\ aNye2r (4.3)

where ¢, is the permittivity of free space, ¢, the dielectric constant of the elec-

trolyte, kg the Boltzmann'’s constant, T the temperature, N the Avogadro’s num-
ber, e the charge of an electron, and I the ionic strength. For the 1.7 M ionic
strength electrolyte solution used here (defined as I = 1/23 C;Z?), the Debye
length is only 0.7 nm. Due to this high ionic strength, and since the EIS measure-
ment is conducted relatively high potential of +0.23 V, a significant fraction of the
potential will be compensated by a very dense layer of chloride anions at the Au

165

surface.”® The distribution of anions close to the electrode strongly affects the

Rcr experienced by the anionic [Fe(CN)g]?/* probe approaching the surface.

It can be considered how the different binding modes of DNA will perturb the
interfacial charge distribution. The intrinsic negative charge density of DNA
can be approximated as 2.7 x 10?! charges/cm® based on the structure of double-
stranded DNA (assuming a cylinder with 2 nm diameter, 0.34 nm spacing, and
two charges per base pair). The intrinsic charge density of DNA is significantly
higher than in the bulk electrolyte beyond the double layer (9 x 10* charges/cm?,
based on the electrolyte concentration of 0.15 M used here). The thiol tethered
35-mer aptamer can extend up to ~12 nm away from the surface, which is essen-
tially bulk solution for such a short Debye length. Even in a more relaxed con-
formation, most of the aptamer’s negative charges will be far enough from the
surface (beyond the Debye length) that they increase the negative charge density,
thereby impeding access of negatively charged redox species and increasing the

measured Rer value.

On the other hand, adsorption to the surface via weak base interactions requires
significant surface contact, meaning that a much higher fraction of the aptamer
volume must lie in direct proximity to the electrode. In order to achieve suffi-
cient contact with the Au surface, the DNA may displace more surface charge
density than the intrinsic charge density that it brings to the surface, as depicted
in Scheme The concentration of counter-ions in the diffuse region of an elec-

trode interface can be estimated by the Boltzmann equation:*©°

—Z;F¥

C; = Cp€e kT (44)
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Where ¢; and ¢) represent the ion concentration at the interface and bulk respec-
tively, z is charge of the ion, ¥ the electrostatic potential, T the temperature, F
Faraday’s constant, and k the Boltzmann constant. An interfacial charge density
equivalent to that of the intrinsic DNA charge density (~ 2.7 x 10?! charges/cm?)
corresponds to a potential difference of only 7.3 mV in the diffuse interface region
relative to the bulk for a 1.7 M ionic strength solution. Considering the higher ap-
plied electrode potential (230 mV), and the higher ion density in the Stern layer
compared with the diffuse region, it was concluded that the anion density within
the first nanometer of a bare electrode under EIS conditions must be substan-
tially higher than the intrinsic charge density of DNA. Conversely, when DNA
displaces surface charge to adsorb to the electrode, the net surface charge den-
sity is diluted by the DNA. The [Fe(CN)]?®/* redox probe will thus experience a
lower barrier to approaching the surface occupied by adsorbed DNA, which can
account for the lower Rt value measured.
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Scheme 4.2: Ion distribution around a bare Au electrode at high potential com-
pared with electrodes with aptamers coupled via different modes.

Generation of AuNP based electrodes

AuNP electrodes offer the benefit of higher surface area,'®” as well as the ability
to be grown onto any conductive substrate, including glassy carbon electrodes
(GCE)"®¥ and conducting polymers.'®® Here, AuNPs were electrodeposited from
a solution containing 1 mM HAuCl, on a bare GCE surface. The roughened but
uniform morphology of the AuNP based electrode is confirmed by the SEM im-

ages in Fig. . The surface roughness can be obtained by applying the Randles-
Sevcik equation, Eq. 16417071

i = 2.68 x 10°n*2AD/?¢p'/2 0 (4.5)

where i is peak current, A the electrode surface area, D the diffusion coefficient,

v the potential scan rate, and ¢” the mediator concentration. AuNP electrode was
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found to have a roughness factor of approximately 2 (and surface area of 0.015
cm? vs. a known surface area 0.00785 cm? of GCE) after applying Eq. to
scan-rate dependent cyclic voltammograms for the flat versus AuNP electrodes
as shown in Fig. [£.6f. The increased surface roughness is in agreement with
previous work.72 The calculations is detailed in Appendix|C| Furthermore, Fig.
shows that modifying GCE with AuNPs leads to decreased Ret (from ~4000
2 to ~1000 2) on account of the increased surface area, which is also reflected in
the increased peak anodic and cathodic currents measured via CV (Fig. .64).

2500

* GCE
2000 = AuNP/GCE

1500

z,. (Ohm)

1000

500

0 1500 3000 4500 6000
Z,, (Ohm)

o
Q
N

O Bare GCE
O AuPNP/ GCE

O

0.0000060

0.01F —GCE
—— AuNP/ GCE
< 0.0000045

0.0000030
0.0000015

- 0.0 . . . . . .
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
v (vIs)* Potential (V)

Current (;
Current (mA)
< o
o
o

=4
o
=4

(N]

Figure 4.6: a) SEM image for glassy carbon electrode (top) and AuNP modified
electrode (bottom). b) EIS spectra, presented as Nyquist plots for bare GCE elec-
trode and after electrochemical deposition of AuNPs. c) Current vs. square root
of scan rate for bare GCE and AuNP/GCE modified electrode for surface area
calculation. d) Representative cyclic voltammetry for GCE and AuNP electrode
at scan rate of 10 mV/s.

Covalent tethering versus non-specific adsorption with AuNP electrodes

Fig. [£.7a shows the EIS response of the same pair of DNA aptamers function-
alised on an electrode comprising electrodeposited AuNPs on GCE. When com-
paring the EIS response of thiol versus non-specific adsorption of DNA aptamers,
essentially the same behaviour is observed on the AuNP as described above for
the flat Au electrode (Fig. 4.5). The measured Rer of the bare AuNP surface (~
1000 €?) increased to ~ 2500 €2 for the thiol tethered aptamer, yet Rcr decreased to
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190 Q for the non-specifically adsorbed aptamer. The same trends were observed
when AuNPs were electrodeposited on a flat Au electrode (Fig. [4.8p).

Fig. 4.7b shows cyclic voltammograms for AuNP electrode compared with those

functionalised with thiol-tethered and non-specifically adsorbed 35-mer aptamers.
In each case, the pair of well-defined peaks at E® = 225 mV vs SCE corresponds

to the formal potential of the [Fe(CN)s]*/** couple. The cyclic voltammograms of

the three electrodes differ in their peak currents, which is related to the hetero-

geneous electron transfer rate.’® The CV results are consistent with the EIS data

above, thiol tethered DNA leads to a suppressed interfacial electron transfer rate

whereas the adsorbed DNA enhances the rate.
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Figure 4.7: a) EIS spectra, presented as Nyquist plots for AuNP electrode modified
with the 35-mer aptamer via covalent and non-specific couplings. The Randles
equivalent circuit model was used to fit the experimental data (symbols) of EIS.
b) Cyclic voltammetry conducted at a scan rate of 20 mV /s (in 5 mL PBS solution
with 5.0 mM [Fe(CN)g]?/*) for AuNP electrode and covalent and non-specific
couplings of the 35-mer aptamer.

It was confirmed that the observed decrease in Rt for adsorbed DNA was not
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confined to this particular 35-mer sequence, but a rather general phenomenon.
As shown in Fig. decreased Rcr values were also observed to different de-
grees for non-specific adsorption of a 75-mer aptamer for E2 (covalent tethering
is also shown for this sequence), randomised versions of the 35-mer and 75-mer,
as well as 30-mer homonucleotides of poly-T, poly-C, and poly-G. Only poly-A
caused the Rer value to increase slightly. In previous studies of 5-mer homo-
oligonucleotides affinity to Au surfaces, poly-A was found to strongly domi-
nate over the other bases and could compete effectively against thiol binding.'?*
Therefore, it is likely that the poly-A behaves more like a thiol tethered sequence,
where a small segment of the DNA is in strong contact with the surface and the

remaining strand dangles away from the surface
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Figure 4.8: EIS spectra presented as Nyquist plots for a) Covalently tethered and
non-specifically adsorbed 35-mer aptamer on a AuNP electrode deposited on flat
Au, b) 75-mer covalently tethered and non-specifically adsorbed on a AuNP elec-
trode grown on GCE, c¢) Random 35-mer non-specifically adsorbed on a AuNP
electrode grown on GCE, d) Random 75-mer non-specifically adsorbed on a
AuNP electrode grown on GCE, and e) 30-mer homonucleotides non-specifically

adsorbed on a AuNP electrode grown on GCE.
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Surface densities of the covalent tethering versus non-specific adsorption

Having established that DNA binding mode strongly affects the interfacial charge
transfer kinetics, the hypothesis that non-specific DNA adsorption could saturate
the surface and eliminate the need for additional passivation steps was examined.
The coupling densities of the DNA via each binding mode was determined us-
ing chronocoulometry. CC, as the name implies, involves measurement of the
charge (coulombs) as a function of time (chrono) response to an applied poten-
tial step (instantaneous change) at the working electrode. The potential step-
ping takes place from a value where no reaction occurs to a value that leads to
electrolysis (oxidation or reduction) of the electro-active species. CC is a power-
ful technique to characterised quantities of facially adsorbed electro-active mate-
rial. Cottrell equation, Eq. describes the relation between charge (Q) of the

surface-confined redox species and the time (t) in an electrochemical system:1¢*

onF ACy DY/
- /2

where n is the number of electrons, F the Faraday’s constant, A the electrode

Y2 4+ Qg + nF AT, (4.6)

surface area , Dy the diffusion coefficient, C, the bulk concentration , Q,; the
capacitive charge, nFAI'j is the charge from the reduction of redox marker on the

electrode, and I'y represents the amount of redox marker on the electrode surface.

When t = 0, the detected charge is the sum of Qg and the surface excess terms,
nFATl,. Capacitive charge (Qq) and nFATI'; that quantifies the charge of the ad-
sorbed electro-active species pass through very quickly in comparison to the slow
diffusion component of the bulk and therefore can be separated in a plot of the
total charge Q vs. t'/2. Hence, Qg + nFAT, values are obtained from the intercept.
Surface excess (I'y) of the adsorbed electro-active species is separated from Qg by
performing an additional CC experiment in the supporting electrolyte that lacks
the electro-active species® and as illustrated for the tethered 35-mer in Fig.

Surface coupled DNAs can not be quantified by their own as they do not present
quantifiable electro-activity. However, steel et al®** developed a DNA quantifica-
tion method by exploiting the weak electrostatic interaction between DNA and a
cationic redox marker Ru(NHj3)s*" (RuHex) in low ionic strength solutions. Re-
dox cations exchange for native counterions associated with the DNA phosphate.
The amount of redox marker electrostatically attached at the DNA is then deter-
mined using chronocoulometry as described before. The surface densities of the
thiol tethered 35-mer aptamer and the adsorbed 35-mer were determined by us-
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ing the charges observed in Fig. 4.9/and applying Eq.

A
I'pyva=T0—Ny4 4.7)
m

where I'pya is the DNA surface density (molecules/cm?), m is the number of
phosphate groups on the probe DNA, z is the charge on the redox molecule (3 for

RuHex), and Ny is Avogadro’s number.
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Figure 4.9: Chronocoulometry determination of the excess charge of the 35-mer
aptamer coupled to the surface of AuNP electrode via covalent coupling and non-
specific adsorption. The dashed blue lines are fits for the covalently tethered 35-
mer to determine the charge intercept at t = 0 before and after RuHex incubation
and used to separate the term nFAI') from Qg as indicated in y axis. The fits of

the adsorbed 35-mer results are not shown for clarity.

The tethered 35-mer aptamer had a surface density of 6.5 x 10" molecule/cm?
or 0.64 nm? per molecule, corresponding to the maximum steric close-packing
of DNA.™>¢ On the other hand, the surface adsorbed DNA had a surface density
of only 4 x 10" molecule/cm?, or 4 nm? per molecule. The higher total den-
sity measured for thiol tethered DNA is consistent with previous measurements
using X-ray photoelectron spectroscopy,’*” fluorescence labelling,* and chrono-
coulometry.™>® This difference in coverage density is an expected consequence of
DNA aligned along versus away from the surface, however, this measurement

does not resolve whether any Au surface remains exposed in either case.
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Examination of self-passivation characteristic of the adsorbed aptamer

In order to probe whether each of the DNA attachment modes left accessible
Au surfaces, they were exposed to the thiol molecule 6- mercaptohexanoic acid
(MHA), as shown in Fig. f.10a. The Rer substantially increases when a bare
AuNP electrode is exposed to the negatively charged MHA, which like 6- mer-
captohexanol is known to have a strong affinity for Au surfaces and forms a dense
self-assembled monolayer.®>*>* When MHA is co-assembled with the thiol-tethered
aptamer, a pronounced increase in Rer is resolved because even densely packed
DNA leaves enough exposed Au for MHA to bind to the surface. On the other
hand, MHA has no effect on the Rer of the non-specifically adsorbed DNA elec-
trode. This is clear evidence that the aurophilic molecule MHA is blocked from
accessing the surface, leading to the conclusion that non-specifically adsorbed
DNA completely covers the Au surface. The surface was also exposed to bovine
serum albumin (BSA) to represent the interactions found in a physiological medium.
The Rer of a bare AuNP electrode is substantially increased upon exposure to
BSA, however the invariance of Ret for the non-specifically adsorbed DNA elec-

trode confirms that the surface is passivated against BSA adsorption.

Fig. shows that the non-specifically adsorbed DNA aptamer plays an addi-
tional role in stabilising the AuNDP electrodes. Electrodeposited AuNP electrodes
are known to suffer from instability due to the loose electrostatic connectivity be-
tween the AuNPs, prompting others to cross-link them with dithiol molecules

to Au electrodes’®?

or laborious specific derivatising of GCE with sulfhydryl-
terminated monolayer."” The loss of AuNPs is clearly seen via increases in Rer

(towards the flat GCE electrode value, Fig. in Appendix |[C) with sequential
buffer washing steps (Fig. 4.10b).

The characteristic Rcr increase was observed for both the bare AulNP electrode
and the thiol-tethered DNA AuNP electrode, preventing its use as a sensor. How-
ever, the non-specifically adsorbed DNA suppresses this undesired drift in Rer
after multiple cycles of washing with buffer. Repeating the measurement on a
flat Au electrode (Fig. #.10c) confirms that the effect is attributed to the instability
of the AuNP electrode. While previous sensors derived from AuNP electrodes
required additional AuNP crosslinking steps as well as surface passivation steps,
herein it was that the surface-adsorbed DNA probe fulfils both of these roles.
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Figure 4.10: a) Rcr for AuNP electrode, covalently tethered 35-mer aptamer, and
adsorbed 35-mer aptamer and treatment with MHA and BSA. b) Examination of
AuNP loss after washing cycles with buffer. AuNP electrodes were either not
coated, coated with the covalently tethered 35-mer aptamer, or non-specifically
coated with the non-thiolated aptamer. c) Buffer washing cycles of a flat Au
electrode modified with the covalently tethered 35-mer aptamer and the non-
specifically coated 35-mer aptamer.

Before examining whether the surface adsorbed DNA probes retain the ability to
recognise their target, the initial conclusion can be drawn that non-specifically
adsorbed DNA produces electrode interfaces with fundamentally different prop-
erties than thiol tethered DNA. In spite of a lower total DNA content, adsorbed
DNA spreads along the Au surface with multiple base contact points. Impor-
tant consequences of the observed difference in binding modes include; stronger
perturbation of the charge distribution within the confined double layer region
(and concomitantly reduced Rcr values), passivation of the Au surface when it is
saturated with DNA, and stabilisation of AuNP electrodes via cross-linking.

Sensing E2 with the covalently and adsorbed 35-mer aptamer on flat Au elec-
trode

Since the AuNP-thiol-aptamer system could not be reliably used for E2 sensing
due to the AuNP instability identified above, the response of thiolated aptamer
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to E2 on a flat Au electrode was initially examined. As previously discussed in
Chapter (3| the 35-mer E2 aptamer has a Kp of 14 nM and excellent selectivity
against potential interfering molecules. Sequential E2 addition in buffer solution
results in increased Rer values, as shown in Fig. (Nyquist plots are provided
in Appendix|C} Fig. [C.2). This increase is consistent with the previously discussed
EIS-based E2 sensor with conducting polymer and also consistent with a sensor
for E2 employing thiol-tethered aptamer.®® The EIS signals can be understood as a
result from an increased negative charge density when the target-bound aptamer
adopts a more compact conformation. However, Fig. also reveals the high
background signal from E2 directly interacting with a bare Au surface, highlight-
ing the need to backfill the electrode with a passivating agent. Accounting for the
background signal leads to a level of E2 detection of approximately 20 nM for the
thiolated aptamer.
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Figure 4.11: Differential change in Rcr vs. concentration of E2 with the covalently
tethered and non-specifically adsorbed 35-mer aptamer on a flat Au electrode,

along with the response of the bare electrode.

Next, the response of the non-specifically adsorbed aptamer on flat Au electrode
to E2 was examined. The precedence of the colorimetric AuNP sensor discussed
in Chapter [3|suggests that the surface adsorbed aptamers may still recognise the
E2 target, but the signal transduction mechanism is expected to be different than
for the covalently tethered aptamer. In the colorimetric AuNP sensor, aggrega-
tion is triggered when target-bound aptamers dissociate from AuNP surfaces.
Translating this behaviour to the present EIS sensor suggests that target binding
should be associated with a signal concomitant with reduced DNA surface cov-

erage. Since adsorption of DNA substantially reduced the Rcr, target binding
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should therefore result in increased Rcr values. Fig. shows that E2 addi-
tion does indeed result in substantially increased Rcr values when the 35-mer
aptamer is adsorbed on a flat Au electrode. The differential increase in Rer is
substantially higher than the baseline response of a bare Au electrode at the low-
est E2 concentration measured, 20 fM. Nyquist plots are provided in Appendix

[ Fig.[C2

Sensing E2 with the adsorbed 35-mer aptamer on AuNP electrode

The response of the AuNP electrode functionalised with non-specifically adsorbed
35-mer aptamer is shown in Fig. [.12a. The diameter of semicircles in the Nyquist
plot increased gradually as the concentration of E2 increased, reflecting an in-
creased Rer. By analysing the normalised change in ARcr/Rer? in Fight.12b, it
was found that there is a reproducible logarithmic correlation between the change
in Rer and the concentration of E2 down to 1 fM with a wide dynamic range up
to 1 M. It was confirmed that the Rt signal is a result of aptamer dissociation
from the surface by using chronocoulometry to determine the amount of aptamer
adsorbed on the surface before and after E2 exposure (Fig. #.13). Exposure to 20
M E2 resulted in 73 % reduction in the 35-mer aptamer surface coverage. In
the case of the AuNP electrode, aptamer dissociation from the surface upon E2
recognition could result in subsequent loss of the weakly connected AuNPs ow-
ing to the additional cross-linking role played by the aptamers described above.
Provided that the aptamer responds specifically to its target, this additional effect
may amplify the Rer increase for the AuNP electrode.
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Figure 4.12: a) EIS spectra presented as Nyquist plots characterizing the response
towards E2 concentrations with the 35-mer aptamer adsorbed on an AulNP elec-
trode. Experimental data (symbols) are fitted to the Randles cell equivalent circuit
(lines). b) Differential change in Rt vs. concentrations of E2, P4, and BPA for the
35-mer aptamer non-specifically adsorbed on an AuNP electrode. The response
of a randomised 35-mer towards E2 is also shown as a control experiment. Error

bars represent the range of two experiments.

Specificity of sensing with the adsorbed 35-mer aptamer on AuNP electrode

The specificity of the Rer response was investigated by changing both the ap-
tamer probe and the analyte. The observed E2 sensitivity was not retained when
the aptamer was replaced with a 35-mer oligonucleotide comprising the same
bases but in a randomised sequence (the sequence of this oligonucleotide and
other random sequences are provided in Appendix D), which therefore lacks the
E2 binding domain. Chronocoulometry also confirms that the randomised se-
quence remains on the Au surface after exposure to E2 (Fig. [£.13). Using the E2
binding aptamer sequence, the sensing steps were repeated with structurally sim-
ilar molecules progesterone and bisphenol-A. As shown in Figll.12b, the 35-mer
aptamer is remarkably specific, with only a baseline response to the potentially
interfering molecules examined, even at concentrations as high as 1 M. These
findings show that the Rt signal results specifically from the 35-mer aptamer se-
quence binding with its target E2. The observed specificity is achieved as a result
of the surface passivation established above, as well as the intrinsic specificity of

this aptamer sequence.
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Figure 4.13: Chronocoulometry surface densities of adsorbed 75-mer aptamer and
35-mer aptamer before and after incubation with 20 M E2. The respective ran-

dom DNA results are also shown.

Figl4.12|shows that a simple and reliable electrochemical aptasensor can be con-
structed by simply adsorbing the desired aptamer onto an Au or AuNP and
monitoring the EIS signals upon exposure to the test sample. The level of de-
tection is over five orders of magnitude lower than the colorimetric E2 sensor
based on a dispersion of AuNPs coated with exactly the same 35-mer aptamer
sequence, Chapter 3| Indeed, the reported level of detection is at least seven or-
ders of magnitude lower than all previous colorimetric DNA (with 43 nM level of
detection)** and small molecule aptasensors®* based on DNA dissociation from
AuNPs. This novel aptasensor platform provides a detection limit with one order
of magnitude lower than previous electrochemical aptasensor based on EIS®® and

electrochemiluminescence”>

as well as five order of magnitudes lower than flu-
orescence based methods."##17® Unlike previous electrochemical small molecule
aptasensors, 12416l the self-passivation characteristics of the non-covalently ad-
sorbed aptamer system removes the necessity of further surface treatment to im-

prove signal to noise ratio.

Sensing E2 in spiked urine samples with the adsorbed 35-mer aptamer on
AuNP electrode

The 1 fM level of detection in buffered solution is approximately five orders of
magnitude lower than the recorded concentration of E2 in human urine.***" Hav-

ing demonstrated the excellent level of detection and self-passivation properties
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of the sensor, the sensor’s application in a more challenging physiological fluid
of rat urine was examined. Fig. shows that the sensor produces a very simi-
lar response towards E2 spiked into rat urine samples as was found for buffered
water in Fig. £.12b. Similarly, it was confirmed that the signals arose from spe-
cific interaction by the lack of response obtained from a sensor functionalised
with the randomised 35-mer DNA, which confirms that the observed response in
this complex matrix is specifically from the 35-mer aptamer. While it was previ-
ously demonstrated a colorimetric sensor using the same aptamer sequence in rat

urine, the 5 nM level of detection in that case exceeds the window of biological

relevance.
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Figure 4.14: a) Nyquist plots of the 35-mer aptamer adsorbed on AuNPs and se-
quentially exposed to spiked rat urine with a range of E2 concentrations. b) Dif-
ferential Rer as a function of E2 addition to rat urine. The response towards E2 is
also shown for a control electrode with a random 35-mer DNA.

E2 sensing with adsorbed aptamers on AuNP electrode: A comparison between

the 75-mer and 35-mer

The previous work in the colorimetric sensor format, Chapter (3, highlights the
benefit of shortening aptamer sequences to facilitate their complete dissociation
from AuNP surfaces upon binding to the target. The present sensor focuses on the
shortened 35-mer, which lacks the primer nucleotides of the parent 75-mer E2 ap-
tamer (with a Kp of 25 nM), and was found to produce an improved colorimetric
sensor as a result. In order to determine whether the aptamer length dependence
found for colorimetric sensors also applies to the present EIS sensor, the new
AuNP EIS concept was applied to the 75-mer E2 aptamer. As shown in Fig.
the 75-mer system does exhibit a specific EIS response to E2, which is confirmed
via a control experiment with randomised sequence and interfering molecules.

However, the EIS signal towards E2 addition was significantly suppressed by a
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factor of 10 (based on the slope) in comparison with the 35-mer aptamer. This
confirms that both methods ultimately depend upon the same initial step; disso-
ciation of target-bound aptamers from Au surface. Additional conformation of
this conclusion was obtained via chronolocoulometry measurements (Fig.
that show only 57% of the 75-mer aptamer dissociates under saturation with E2
(20 uM), compared with 75% for the 35-mer.
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Figure 4.15: Differential change in Rcr vs. concentrations of E2, P4, and BPA char-
acterising the response of the 75-mer aptamer. The responses of the 35-mer ap-
tamer, random 35-mer control, and random 75-mer control adsorbed onto AulNP

electrodes towards E2 concentrations are also shown.

4.5 Chapter conclusion

This chapter presents the successful development and application of two EIS
based aptasensor for the detection of E2. Conducting polymer based electrodes
were used to tether the 75-mer aptamer and achieved a fM detection limit, wide
dynamic range, robust operation, as well as evidence of discrimination against
potential interfering agents. The sensor owes its exceptional sensitivity to the pro-
nounced charge redistribution at the electrode interface when the aptamer folds
around the neutral target molecule. This effect is amplified using a nanoporous
conducting polymer electrode surface.

In the second approach, It was demonstrated that interfacial electrochemical sig-

nals are fundamentally different when DNA is coupled to Au surfaces via non-
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specific adsorption versus more conventional covalent tethering via a thiol linker.
The greater surface contact required for DNA to adsorb to Au leads to a more
lateral binding mode with a large fraction of the bases directly at the electrode
interface - within the Debye screening length. This surface binding mode leads to
displacement of the dense layer of ions found directly at the electrode interface
at high potentials, and therefore enhanced charge transfer, and greater sensitiv-
ity to subsequent changes. The non-covalent binding mode was also shown to
completely coat the Au surface and passivate it against other species that could
interact with Au electrodes. In the case of AuNP electrodes, the non-covalent
binding mode had the additional benefit of cross-linking stabilization. On the
other hand, thiol tethered DNA perturbs the charge distribution further away
from the interface, while leaving some exposed Au between the DNA strands
that must be passivated to avoid spurious signals.

The pronounced EIS signals and the intrinsic passivation were exploited in the
demonstration of a new sensor platform using a non-covalently adsorbed DNA
on Au electrodes. Unlike previous EIS aptasensors that probe conformational
changes, the present sensor resolves pronounced changes in Rcr when target-
bound aptamers dissociate from the Au electrode. The E2 aptasensor compares
favourably with different formats of aptasensors. The present sensor had a femto-
molar level of detection, a wide dynamic range, excellent discrimination against
potential interfering agents, and showed robust operation in the complex phys-
iological fluid of rat urine. The combination of strong electrochemical response,
and intrinsic passivation, as well as simplicity, make this an appealing strategy
for other DNA sensors and aptasensors. Moreover, the similarity to the operation
of this EIS sensor and the established colorimetric sensor format may be useful for
the dual development of methods that offer both visual detection, and sensitive
electronic quantitation using the same aptamer systems.

4.6 Experimental section

Chemicals and Materials used in this Chapter can be found in Appendix D}
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Electro-polymerisation of poly pyrrole-pyrroleacrylic acid and aptamer attach-

ment

The experiments related to electro-polymerisation and aptamer attachment were
conducted by Bicheng Zhu according to previous reports as indicated below.

The electro-copolymerization of poly pyrrole (Py) and 3-pyrroleacrylic acid (PAA)
was carried out by using a Bio-Logic instrument (Bio-Logic SP-300) at a constant
potential of 1.0 V (Ag/AgCl) with 0.035 mC passed in a solution containing 0.005
M Py, 0.2 mM PAA and poly(4-styrenesulfonic acid) solution in deionized water
(Milli-Q, 18.2 MQcm) as previously described by Zhu et al."* Amino-modified
aptamer attachment was carried out by incubation of the poly(Py-co-PAA) mod-
ified GCE for 1 h at 28 °C using EDC/NHS chemistry as previously described.’**
The immobilization solution comprised 20 ;L PBS buffer containing 1.5 uM ap-
tamers and 80 mM EDC and 120 mM NHS. Before attachment, the aptamer was
heated at 70 °C for 5 min (for denaturation). After attachment, the electrode was
washed three times by PBS solution to remove any non-specifically adhered ap-

tamer.

Formation of AuNP based electrodes

A dense layer of AuNPs was electrochemically deposited on the surface of a
glassy carbon electrode (GCE) or a gold electrode (where noted) as previously
reported.’®® Briefly, a three-electrode cell with a volume of 5 mL was used, com-
prising a polished and cleaned glassy carbon working electrode (GCE) (eDAQ,
1.0 mm in diameter), or gold electrode (10 mm in diameter), Ag/AgCl (3 M NaCl,
+0.197 V vs. standard hydrogen electrode (SHE)) reference electrode and Pt wire
counter electrode (using Bio-Logic SP-300 instrument). The Au deposition was
done by immersing the electrodes in a 5 mL solution containing 1 mM HAuCl,,
0.01 M Na,SO,4 and 0.01 M H,SO, at a constant potential of - 0.2 V (Ag/AgCl)
for 30 s. Before deposition, the GCE or gold electrode was polished with 0.5
pm alumina slurry, followed by electrochemical cleaning by subjecting to poten-
tial cycling (three times at a scan rate of 20 mV/s) between -1.0 and 1.0 V in
0.25 M H,50, , washing with acetone, ethanol and deionized water (Milli-Q, 18.2
M(Qcm). All solutions were de-gassed for 15 min using N, gas.
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Scanning electron microscopy (SEM) surface characterization

These experiments were conducted by Bicheng Zhu. The electrodes were sput-
tered with platinum in order to increase the conductivity. Sample stage was tilted
30° before scanning with Philip ML30S FEG Scanning Electron Microscope.

DNA attachment to Au based surfaces

For the thiolated and non-thiolated DN As, the surface of the electrode was rinsed
thoroughly with 10 mM trisodium citrate buffer, pH 3, and 0.1 nmol of the DNAs
(16.7 uM, in 5 mM trisodium citrate buffer, pH 3) was incubated with the Au
based surface for 20 min. This protocol was found to produce quantifiable mono-
layers of Au-S DNAs in 3 min on AuNPs*“ and was adopted here (a control
experiment via exposing the aptamers on GCE resulted in no adsorption, refer to
Figure . Treatment with 6-mercaptohexanoic acid, SH-(CH2); COOH, (MHA)
was carried out under the same condition as coupling the DNA but with a con-
centration of 10 pM. Bovine serum albumin (BSA) was dissolved in deionized
water (Milli-Q, 18.2 MQcm) at a concentration of 0.8 mM and exposed to the sur-
face of AuNP electrodes for 20 min.

Target sensing

Detection of E2 and interfering molecules (P4) progesterone, (BPA) bisphenol-A,
was achieved by incubating the DNA-modified electrode in 30 L binding wash-
ing buffer solution (BWB with 5% ethanol) containing the desired concentration
of the target for 15 min at room temperature. Before EIS or subsequent measure-
ments, the electrode was washed three times by using BWB to remove any non-
bound molecules of the targets. E2 detection in rat urine was the same as above
except that E2 was spiked in rat urine after adjusting the content of ethanol to
5%, for solubility reasons. Rat urine was collected from sexually mature ship rats
(Rattus rattus), then filtered with 0.22 m syringe-filters (control rat urine sample
comprised blank rat urine containing 5% ethanol). Rat urine was collected by Dr.
Christine Stockum, from the School of Biological Sciences, Victoria University of

Wellington.
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EIS measurements

EIS measurements were recorded in a three-electrode cell containing 5 mL PBS
solution with 5.0 mM of [Fe-(CN)6]* /% (1 : 1, mol : mol) at an applied bias of
0.230 V (Ag/AgCl). EIS measurements were recorded on a Bio-Logic instrument
(Bio-Logic SP-300). EIS measurements were carried on with a 10 mV sinusoidal
amplitude and collected for harmonic frequencies between 100 mHz and 100 kHz
at 12 steps per decade and analysed using the Randles equivalent circuite (known
as Zfit) shown in Fig.

DNA surface densities

DNA surface densities on AuNP electrodes were determined using the chrono-
coulometry (CC) method developed by Steel et al.’*¥ The attached DN As (through
Au-S or non-specifically adsorbed) on AuNP electrode were first immersed in a
low ionic strength electrolyte, 10 mM tris-HCl buffer at a pH 7.4, the potential
stepped from 200 to - 500 mV versus (Ag/AgCl) for 500 ms (using BAS 100A
electrochemical analyser), and the resulting charge flow was measured. The elec-
trode was then immersed for 20 min in a solution of 150 M Ru(NH;)s** (RuHex)
in 10 mM tris-HCl buffer at a pH 7.4, and the measurement repeated. By plotting
the charge Q versus the square root of time (t'/?), the excess of RuHex was de-
termined from the difference in y-intercepts for such plots and was related to the
DNA surface density.
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Chapter 5

Evaluation and comparisons of the

developed aptasensors

This chapter focuses on providing a critical evaluation of the developed aptasen-
sors by comparing their performance, advantages and disadvantages, along with
considering factors that might impact their performance and their potential ap-
plications. In addition, this chapter provides comparisons between the devel-
oped aptasensors and methods available in the literature for the detection of E2,

including aptasensors that used a different aptamer developed by Kim et al.”

5.0.1 Comparison between the developed aptasensors

In this thesis, several novel aptasensors have been developed and applied for
the detection of E2. The three aptasensors demonstrated here are; size based
detection (with a detection limit of 5 nM), AuNP based colorimetric detection
(with a detection limit of 200 pM), and EIS based detection using conducting
polymer and gold based electrodes (with a detection limit of 1 fM).

The colorimetric and EIS aptasensors possess the advantages of simplicity, sen-
sitivity, rapidity, and availability, with no extensive sample pre-treatment steps
prior to the detection of E2, even in complex biological samples.

Compared to the EIS aptasensor, the colorimetric based detection using AuNP

is more suitable for field screening of E2 residue where no additional instru-
mentation is required. However, proper control experiments should be carefully
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designed and performed to evaluate the non-specific aggregation induced from
high ionic strength samples or from any substance present in the sample. Recom-
mended control experiments include performing parallel sample analysis with
AuNPs coated with a random sequence that lacks the ability to bind E2.

EIS aptasensors using conducting polymer and AuNP electrodes afford a detec-
tion limit of five orders of magnitude higher than the colorimetric method and
a dynamic range that spans nine orders of magnitude of E2 concentration. EIS
based aptasensors are able to operate in complex biological matrices. In fact both
EIS methods have the characteristic of self-passivation where no need for further
backfilling with small molecules. This method could be applied for accurate de-
termination of E2 after comparison against calibration curves of the same analyte.
Achieving the low level of detection and wide dynamic range demands instru-
mentation (an impedance analyser), which makes the method more suitable for
lab-based analysis than in situ sensing. It is recommended to evaluate the ob-
tained results against data obtained with a control non-specific DNA to ensure
the specificity of the observation. Filtration of the samples with pm filters is rec-
ommended prior to the analysis with either colorimetric or EIS aptasensors to
remove large objects present in the sample.

Although the approaches to sense E2, using AuNP colorimetric and EIS based as-
says, have achieved high sensitivity and good discrimination, the practicality and
"real" detection limits of such sensors with real samples can be different. While
detection levels were quoted according to where a reliable signal was resolved
above the level of a clean control, real world samples are complex with many
variables under less control than laboratory based testing, and indeed unknown
sample composition. The presence of contaminants, interfering agents and the
fluid complexity could cause a background (i.e., non-specific signal), which can
limit the real level of detection. The real level of detection is where the signal of
the target analyte exceeds the background from other possible interfering agents.
This makes it imperative to comprehensively characterize the range of possible
background signals, as well as continuing to improve the specificity of aptasensor
devices.

With regard to the size based aptasensor, the success of this strategy is ensured
by the use of NPs of a suitable size and excellent monodispersity combined with
their inert characteristic towards interaction with the backbone of the aptamer se-
quences. These factors enable resolving increase in size by TRPS and DLS upon
functionalizing the probe to NPs followed by monitoring target recognition. An
additional requirement for TRPS is that the use of an electrolyte with a reasonable
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conductivity that allows accurate size measurements. Given these limitations, the
size based sensor could be suitable for estimating E2 concentration after extrac-
tion from the original sample environments. Better detection limits (currently 5
nM) could be achieved with aptamers that have better affinities. In addition to
sensing, the developed method could potentially be used to guide the synthetic
evolution of aptamers to attain better binding affinity and specificity. The size
based aptasensor also proved useful in guiding the design of the EIS sensor, since
both sensors probe the target-induced folding of the aptamer.

Overall, the sensor templates developed in this thesis are label-free that do not
require explicit knowledge of the bound and unbound aptamer conformations.
They only require that binding induces some kind of conformational change that
is a general feature of small molecule binding aptamers. Therefore, the sensor
designs in this thesis are considered to be broadly applicable to other aptamers

targeting small molecules.

Compared to traditional methods including chromatographic techniques, the de-
veloped aptasensors may help regulatory agencies, medical patients, and other
entities to monitor and to screen real samples for the presence of E2 with low cost
and less effort.

5.0.2 The role of excess flanking nucleotides in enhancing or sup-

pressing the sensing signals

It was found in the colorimetric sensor format that the observed difference in sig-
nal sensitivity between the 75-mer and 35-mer aptamers could be partially related
to the lesser degree of surface dissociation when the longer aptamer binds to E2.
Comparing the colorimetric and EIS-adsorbed aptamer on Au surface responses
for the same pair of aptamer sequences to the E2 target confirms that both meth-
ods ultimately depend upon the same initial step; dissociation of target-bound
aptamers from Au surface. However, EIS affords over 5 orders of magnitude en-
hancement in the sensitivity of detecting the dissociation of aptamers adsorbed

on Au surfaces compared with the colorimetric method.

In contrast, the opposite trend was observed with EIS-based conducting polymer.
The 75-mer aptamer coupled through an amide bond was found to produce a
stronger E2 signal than the shorter 35-mer aptamer. Excess nucleotides (20 bases
at each end of the core 35-mer) could bring more charges to the double layer
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region and enhance Rer signals when forming aptamer-target complex. It might
be even advantageous for this type of sensors to add additional bases to enhance
the signals, provided that the binding region is not too far from the surface.

A less robust comparison can be made between the performance of the 75-mer E2
aptamer and the 27-mer adenosine aptamer in the size based sensor using TRPS.
Long sequences, that have minimum self-complementarity like the 75-mer E2 ap-
tamer, are likely to assist resolving the initial increase in size when functionalized
to NPs using an amide bond. Additionally, long aptamer sequences could also
allow establishing a relatively wide dynamic range (the aptamer Kp could play
a role here) of the target that falls within the resolution of TRPS. On the other
hand, short sequences as adenosine aptamer, or sequences with maximum self-
complementarity, are likely to be less efficient with the size based sensor format
when quantitative analysis is required. It is expected that qualitative measure-
ment (yes/no type of analysis) will be efficiently obtained as demonstrated with

adenosine aptamer.

In summary, SELEX isolates sequences for affinity. However, a good binder does
not mean a good reporter. Engineering the structure of the aptamer, post se-
lection, is a crucial tool that should be exploited in aptasensors with particular
regard to the way signals are transduced.

5.0.3 Aptasensors developed in this thesis versus literature meth-

ods

The advantages of EIS based aptasensors system (using conducting polymer and
adsorbed aptamer onto Au surface) are apparent in the comparison with other
E2 sensors shown in Table It can be seen that the detection limit of EIS based
sensor (1 fM) is substantially better than most other sensors and rivalled by only
two methods (EIS based electrode coated with dendritic Au'”® and Photoelectro-

chemical with TiO, nanotube arrays'?)

. Moreover, the nine orders of magnitude
dynamic range reported here is significantly wider than all reported E2 aptasen-
sors, with most only operating within 2 to 3 orders of magnitude of their level
of detection. The present study provides the only existing colorimetric assay for
E2 with a 200 pM level of detection and operation in urine samples. The con-
centration of E2 is directly related to EIS and colorimetric signals (i.e., not based
on a competitive assay). Previous work such as electrochemiluminescence with

175

a complementary DNA sequance,"”” fluorescence resonant energy transfer with
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QD,® or fluorescence based detection'?* (indicated in Table5.1) reported E2 con-
centration indirectly based on competitive assays that add additional steps to the

sensor preparation and could potentially effect the sensor sensitivity.

Table 5.1: Comparisons of various methods for the detection of E2 including ap-

tasensors developed in this thesis.

Tested samples

Method LOD (M) Dynamic range (M) Ref.

Bio. Enviro.
Enzyme-linked immunosorbent assay 2x107" 4x107"t04x 10 No Yes 150
EIS based electrode coated with dendritic Au 5x107% 1x107Mto1x107 No Yes 178
Electrochemiluminescence with a complementary DNA 1 x 1072 1x 107" to1x10™® Yes Yes 175
Hybridised Au electrode probed with SWV! 2x107" 1x107%t01x107" No No 121
Fluorescence resonant energy transfer with a QD 2x1071% 8x107t02x 10 No Yes ize
EIS on flat Au electrode 2x10712 1x107"t01x10®  Yes No £8
Fluorescence based detection 2x107 2x107to8x 10 No Yes =
Au electrode probed with CV and SWV 2x1710 2x10t1x10® No No z
Photoelectrochemical with TiO, nanotube arrays 3x107% 5x107to2x 107" No Yes iz
Size based aptasensor 5x107° 5x10%to1x107" No No Present®
AuNP colorimetric aptasensor 2x1071° 2x107°to8 x 107" Yes Yes Present8l
EIS based adsorbed aptamer on gold surface 1x107% 1x107®to1x10° Yes No Present
EIS-based conducting polymer 1x107% 1x107®to1x10° Yes Yes Present 2

! Square wave voltammetry
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Chapter 6

Conclusions and Future work

6.1 Conclusions

The objectives of this thesis to develop various aptasensors for the detection of
E2 listed in Chapter 1 were set out as follows: 1) using a label free size based
format that does not require detailed knowledge of the aptamer target-induced
conformation, 2) developing a colorimetric AuNP assay and understanding the
effect of the length of aptamer sequences on their dissociation from AuNP sur-
faces and subsequent aggregation, 3) developing ultrasensitive EIS-based sensors
using a conducting polymer and non-specifically adsorbed aptamer onto gold
surfaces, and 4) comparing advantages and disadvantages of each signal trans-

duction mechanism.
The key achievements and contributions of the thesis are discussed below:

A new label free aptasensor scheme was developed. It features the E2 aptamer
covalently tethered to carboxylated polystyrene NPs as the signal carrier. It was
proven that simple methods for measuring NP size and surface potential, as DLS
and TRPS, can be used to register binding events when the aptamer adopts a
more tightly folded conformation around its target. The sensor is able to detect
E2 as low as 5 nM in buffered solution. Unlike methods that depend on labelling
different sections of the aptamer with pairs of fluorescent dyes or with a redox
probe, this new method is able to couple conformational switching to binding
signals and does not require explicit knowledge of the bound and unbound ap-

tamer conformations.
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AuNPs were previously exploited in the construction of colorimetric aptasensors
for different targets. However, it was unknown how the length of aptamer se-
quences affects their dissociation from AuNP surfaces and subsequent aggrega-
tion. Starting from the 75-mer aptamer, the sequence was truncated to generate
35- and 22-base variants. The resulting 200 pM limit of detection performance of
35-mer and 22-mer aptamers surpasses existing colorimetric aptasensors and the
improvement was attributed a slightly improved aptamer affinity for E2 when the
flanking nucleotide sequences were eliminated and suppressed residual affinity
of target-bound aptamers to AuNPs. Close comparison of AuNP surface interac-
tions between the 35-mer and 22-mer showed that a small number of excess bases
are required in order to achieve the optimal balance of affinity to AuNPs and the
target. The benefit of eliminating redundant bases from the aptamer sequences
used in AuNP assays was illustrated in the first demonstration of a colorimetric

AuNP sensor in complex biological urine samples.

An EIS aptasensor for E2 with one femtomolar detection limit, wide dynamic
range, and robust operation in buffer solutions and urine samples was initially
demonstrated with the E2 aptamer functionalized via amide bonds to a conduct-
ing polymer electrode. E2 binding causes a redistribution of negative charges in
the electrode double-layer region when the aptamer adopts a folded conforma-
tion around the small neutral target molecule. Additionally, as a novel alternative
approach, sensing electrodes were also created via the non-specific adsorption of
the 35-mer onto Au and AuNP electrodes. This approach led to the same level of
detection as the conducting polymer aptasensor, but via a mechanism with simi-
larities to the colorimetric sensor. Non-specific adsorption of aptamers to Au was
found to play additional favourable roles including self-passivation and stabiliza-
tion of AuNP based electrodes. Sensing with this format might remove the need
for laborious surface passivation with alkylthiol molecules encountered with the
conventional covalent attachment of the DNAs through thiol-linkers.

Overall, this thesis provides, for the first time, understanding of aptasensors by
comparing the performance of the same aptamer in various sensing platforms.
Long aptamers sequences appeared to be more efficient in signal transduction
when specific surface tethering is involved, as in the size-based assay, and the
electrochemical assay with aptamers covalently tethered to the electrode. Here,
the non-binding flanking nucleotides adjacent to the target binding pocket ap-
peared to amplify the sensing signals. However, shorter truncated sequences
showed better performance when signal generation depends on surface dissocia-
tion of non-specifically adsorbed aptamer sequences, as in the colorimetric assay,

and the electrochemical sensor constructed from adsorbed aptamers. These in-
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sights can be readily applied to aptasensors for the growing range of targets.

6.2 Future work

Understanding the effects of long term storage on the response of the developed
aptasensors will aid their potential availability for end-users including regulatory
laboratories or even ordinary users. One particular aspect that should be inves-
tigated is that whether aptamers retain their binding functions after long term
contact with AuNPs. This could be achieved through investigating the sensing
responses towards the target over different time intervals of a given period.

The sensitivity of EIS-based conducting polymer could be enhanced even more
by investigating the addition of various number of bases near the core region
(stem-loop structure illustrated in Chapter 3) and at various ends.

Despite efforts made in this thesis to improve the specificity, the 35-mer aptamer
showed low reactivity towards potential interfering molecules, progesterone and
testosterone, in the colorimetric sensor. Additionally, EIS based aptasensors showed
low responses to progesterone at high concentrations when the 75-mer and 35-
mer aptamers were used. These molecules could be present in the detected sam-
ples at levels that might significantly exceed E2 concentrations and consequently
result in an overestimated determination of the target. Therefore, there is a clear
motivation to develop aptamers with absolute specificity to E2. Aptamers with
high specificity can be isolated by SELEX which can even discriminate between
enantiomers (molecules that are mirror images of one another). For example,
Grozio et al.1® isolated ssDNA aptamers that bind the small hormone abscisic

acid and are able to discriminate between the target enantiomers.

Future research should also focus on developing more robust and high through-
put methods for determining the Kp values of aptamers for small molecules.
Equilibrium separation method is not always suitable for the Kp measurements
due to non-specific adsorption of the target on the nitrocellulose filters that are
commercially available. One possible way to solve this issue is by developing
a better separation method. The aptamer of interest could be immobilised on
magnetic particles that will facilitate the separation of the bound and unbound
fractions of the target. Alternatively, a fluorescently labelled short complemen-
tary sequence could be hybridised to a certain section of the aptamer. Upon target
recognition and after magnetic-based separation, the fluorescence of the comple-
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mentary sequence free in solution can be measured (after dissociation from the
aptamer) and related to the target concentration.

Additionally, this thesis developed sensor formats that could be adapted for dif-
ferent aptamers targeting different small molecules. A number of aptamers that
have high affinity and specificity for their targets are already available in the lit-
erature, including bisphenol A, cortisol,** progesterone,’® and others. If the
ideas expressed in this thesis can be shown to have sufficient generality to dif-
ferent targets, they may also be readily applied to new aptamer sequences in the
future.

Multiplexed methods for the simultaneous detection of these targets and others
("fingerprint” identification) could also be developed. In a multiplexed sensor ar-
ray, it may be possible to better account for background interference if the likely
interfering agents were also quantified. Moreover, one could imagine profiling
numerous members of the same class of compounds, for example steroidal hor-

mones, or estrogen mimics.

Previous work in the literature showed that lateral flow based assays are inef-
ficient for the detection of small targets due to their inherent lack of complex
structures (reviewed in Chapter 1). However, the aptamer dissociation from the
surface of AuNPs upon target recognition could be exploited to develop a novel
lateral flow assay that depends on probing the presence or absence of the ap-
tamer on the surface. Proteins, including bovine serum albumin (BSA), can be im-
mobilised onto nitrocellulose membranes and they have strong interaction with
AuNPs. 1% The presence of aptamers on the surface of AuNPs screens the inter-
action between the AuNPs and BSA as demonstrated in Chapter 4. It is expected
that the detection of E2 which is associated with the departure of aptamers from

the surface will result in an easily fabricated lateral flow assays.
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Appendix A

Supplementary information of size
based sensor
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Figure A.1: The effect of IGEPAL on the NP-aptamer count rate in TRPS. Sam-
ples that do not contain IGEPAL do not properly wet the pore, resulting in slow
throughput and partial blockages.
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Appendix B

Supplementary information of the
colorimetric sensor

B.1 Detection of E2 using the 75-mer aptamer, 35-mer

aptamer, and 22-mer aptamer

B.1.1 Spectra for aptamer responses to E2 concentrations
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Figure B.1: Absorption spectra of E2 detection samples using a) 35-mer aptamer,
and b) 22-mer aptamer.
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B.1.2 Specificity examination
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Figure B.2: Representative UV-vis absorption spectra obtained during the speci-
ficity examination using a) 75-mer aptamer with 200 nM target concentration, b)

35-mer aptamer and c) 22-mer aptamer with 0.8 nM target concentration.
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B.2 CD characterisation of E2 binding with 75-mer
aptamer, 35-mer aptamer, and 22-mer aptamer and

when replacing the flanking nucleotides with Poly-
T20
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Figure B.3: CD characterisation of E2 (10 uM) binding with a) 400 nM of 75-mer
aptamer , b) 600 nM of 35-mer aptamer, and c) 600 nM of 22-mer aptamer.
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Figure B.4: a) Secondary structure of the poly T20-(35-mer)-poly T20 DNA pre-
dicted by M-fold program. b) CD spectra for 400 nM of the T20-(35-mer)-poly
T20 DNA incubated with 0 and 10 ;M.
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B.3 Urine samples: Determination of ionic strength
and detection of E2
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Figure B.5: a) Standard calibration curve of the conductivity of NaCl solutions
to estimate the ionic strength of rat urine. 10 pL of the rat urine was diluted to
15 mL, using Milli-Q water, and the conductivity was measured. The final ionic
strength of the rat urine sample was 2.1 mM.
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Figure B.6: Absorption spectra of E2 sensing in rat urine samples using AuNP-35-
mer aptamer
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Figure B.7: Photograph (top) and UV-vis spectra of the specificity results using the
35-mer aptamer in rat urine samples spiked with 200 nM BPA, BPF, progesterone
(P4) and testosterone (T), and E2.
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Figure B.8: Absorption spectra of E2 sensing in rat urine samples using the AuNP-
75-mer aptamer.
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B.4 Kp measurements
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Figure B.9: a) Representative emission spectra of E2 in BWB. b) Calibration curve
of E2 and fluorescent intensities of E2 after reaction with NP-22-mer and NP-35-

mer aptamers.
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Appendix C

Supplementary information of EIS
based sensor

C.1 Surface area of AuNPs on glassy carbon electrode

The active AuNPs surface area deposited on glassy carbon electrode was esti-
mated by the measurement of the peak intensity at a different scan rate (Fig.
and applying the Randles-Sevcik Eq. LeH1/NZL

i =2.68 x 10°n¥*ADY?p'/20 (C.1)

where i is peak current, A the electrode surface area, D the diffusion coefficient, v

the potential scan rate, and ¢ the mediator concentration.

The bulk solution (mediator) employed for the experiments contained 1mM [Fe(CN),]?/
in 0.1M KCl. The diffusion constant value (D = 6.9 x 10°® cm?s! vs. literature

quoted value 7.2 10° cm? s71)187 was ascertained from a known GCE surface area

(0.00785 cm?) and calculation of K (5.6 x 10°) A s!/2/V1/2 from (Fig. and
simplifying Eq. [C.T]as follow

i = ko'/? (C.2)
where k = 2.68 x 10° n2/3A D/2 0

119



Then the k value of the AuNPs modified electrode was measured to be 2.0 x 10~
A s/2/V1/2 (Fig. . From the measurement of k, the surface area of AuNP elec-
trode was found to be 0.0157 cm?. The roughness factor of the AuNP electrode

was calculated to be 2, assuming the underlying GCE is geometrically smooth.

C.2 Figures for EIS AuNP electrode
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Figure C.1: EIS spectra presented as Nyquist plots characterizing the stability
of different electrodes a) AuNP/ GCE, b) Covalently tethered 35-mer aptamer,
and c) Non-specifically adsorbed 35-mer aptamer against incubation cycles with

buffer (BWB). Experimental data (symbols) are fitted to the Randles cell equiva-

lent circuit (lines).
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Figure C.2: EIS spectra presented as Nyquist plots characterizing the response to-
wards E2 with the 35-mer aptamer covalently tethered to (a) and non-specifically
adsorbed (b) on a flat Au electrode. Experimental data (symbols) are fitted to the

Randles cell equivalent circuit (lines).
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Figure C.3: Control experiment of exposing the 35-mer aptamer to GCE to validate
the results with AuNP electrode.
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Appendix D

Chemicals and materials

Size based aptasensor

2-(N-morpholino)ethanesulfonic acid (MES), tris(hydroxymethyl) amino methane
(Tris-HCl), N-(3-dimethylaminopropyl) N-ethylcarbodiimide hydrochloride (EDC),
N hydroxy-succinimide (NHS), NaCl, MgCl,, CaCl,, KCl, polyoxyethylene (9)
nonylphenylether (IGEPAL®, non-ionic detergent), 17-3 estradiol (E2), proges-
terone (P4), testosterone (T), 4, 4-methylene diphenol (BPF), bisphenol-A (BPA)
and adenosine were purchased from Sigma-Aldrich. The E2 aptamer was iso-
lated by SELEX process from a random ssDNA library composed of approxi-
mately 7.2 x 10" DNA molecules. The random ssDNA library, biotin-aptamer

and primers were purchased from Life Sciences, Australia.

The amino terminated E2 and adenosine (previously reported by (Kim et al.,*#%)
aptamers were synthesized and PAGE purified by Sigma-Aldrich. For the fluo-
rescence experiment to determine the aptamer density on NPs, a closely related
ssDNA sequence of 76-mers previously used by Kim et al.,” for the detection of
E2, was used after modification with 5-amino (CH,)s and 3’-Cy5.5 groups (F-
aptamer) by Eurofins Genomics India Pvt. Ltd. All aptamers were rehydrated
using deionized water (Milli-Q, 18.2 M{2cm) and kept at -5°C before use (unless
stated). Standard 217 nm carboxylated polystyrene NPs (Bangs Laboratories, In-
diana, USA) were purchased unmodified from Izon Science (Christchurch, New
Zealand). The NPs are nominally supplied with a mode size of 217 nm and a
solid content of 10.1 wt%, corresponding to a concentration of 1.763 x 10'* parti-
cles g (1.79 x10'7 particles mL™"). The carboxyl group concentration in surface
titration is 86 u eq ¢! (corresponding to 5 nmol of carboxylates for every 1.04
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x 10" particles). All other chemicals used were of analytical grade. Deionized
water (Milli-Q, 18.2 M{2cm) was used for all solution preparation.

Colorimetric aptasensor

Chloroauricacid (HAuCly) was purchased from Sigma-Aldrich. E2 75-mer ap-
tamer, truncated versions 35-mer and 22-mer aptamers, random 75-mer DNA,
random 35-mer DNA, random 22-mer DNA, and the polyT20-35-mer-polyT20
sequence were purchased from Alpha DNA. Sequences are given in Table in
Appendix @ The 35-mer and 22-mer were synthesised with 5- NH,(CH,), for
covalent attachment with carboxylated polystyrene NPs (for Kp measurements).
The ssDNA were dissolved in deionized water (Milli-Q, 18.2 MQcm) and kept at
-5 °C before use. Deionized water (Milli-Q, 18.2 M{2cm) water was used in all
experiments (unless stated) and all other chemicals were of analytical grade.

Electrochemical impedance based aptasensor

Phosphate buffered saline (PBS, pH 7.4, 137 mM NaC(l, 2.7 mM KCl, 10 mM
Na,HPOy, 1.8 mM KH,POy,), 6-mercaptohexanoic acid (MHA), and bovine serum
albumin (BSA) were purchased from Sigma-Aldrich. The thiolated and non-
thiolated DNA sequences used in this study were synthesised and PAGE purified
by Alpha DNA. The thiolated DNAs were treated with dithiothreitol (DTT) at the
last step of the synthesis, by Alpha DNA, to reduce the S-S bond and DTT was
removed by ethanol precipitation after which the DNAs were lyophilized and
sealed under Argon. All DNAs were rehydrated using deionized water (Milli-Q,
18.2 M{2cm) and kept at -5 °C for subsequent dilutions. Sequences used in this
study are given in Table in Appendix D} Note that the 75-mer and 35-mer
aptamers were modified at the 5" end with SH(CH,)s for covalent attachment
with the Au surface. All aqueous solutions were prepared using deionized water
(Milli-Q, 18.2 MQcm). Other chemicals in this study were of analytical grade and
used as supplied unless otherwise stated.
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Table D.1: Sequences used in this thesis (left to right 5" end and 3’ end). The
sequences were modified with the 5- NH,(CH,)s or SH(CH;)s, when covalent
coupling was needed.

75-mer aptamer

35-mer aptamer

22-mer aptamer

75-mer random DNA

35-mer random DNA

22-mer random DNA

ATACGAGCTTGTTCAATACGAAGGGATGCCGTTTGGGC
CCAAGTTCGGCATAGTGTGGTGATAGTAAGAGCAATC

AAGGGATGCCGTTTGGGCCCAAGTTCGGCATAGTG

GCCGTTTGGGCCCAAGTTCGGC

AGGCCTAAGGGCATAATTAGCTCGAGCTCGAAAGGG

GTTATATGATGATTTGAATTCATGGGGCCCGACTCGGAT

ACGGGTGGCCGCCAGGTCTTGAAGTGGCAGTATTA

TGGGCCCTTTACGGACCGCGTG
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