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ABSTRACT

Hazel McArdle

High Sensitivity Nucleic Acid Detection using
Electrocatalytic Metal Nanoparticles

The detection and quantitation of specific nucleic acid (NA) sequences
continue to grow in importance. This is driven by the increasing need for
the development of point of care devices, which can test levels of
biomarkers in various samples, such as blood, serum, saliva, urine, etc.

Reported here are ways to detect specific NA sequences without the
need for amplification.  An electrochemical biosensor has been
developed which amplifies the signal associated with a single NA binding
event, rather than amplifying the target NA, which is the case in PCR or
NASBA. This sensor involves a three step procedure; initially the
capture NA strand is immobilised onto the electrode surface, this is then
hybridised to the complementary target sequence, which is then followed
by target hybridisation to a complementary probe strand which is labelled
with a nanopatrticle.

The ability to modify the size and structure of nanomaterials so as to
control their properties has led to novel sensors and the enhanced
performance of bioanalytical assays. By controlling the size and shape
of nanoparticles, their properties can be finely tuned to suit the
application required. A double potential step electrodeposition technique
was used to control the deposition of platinum nanoparticles (PtNPs).
This involved using a short nucleation pulse at a large overpotential,
following by a longer growth pulse at a lower overpotential, to grow the
platinum up from these nucleation sites. This method of platinum
deposition was investigation on both planar gold and into the defect sites
of a self-assembled monolayer (SAM). By using the SAM template,
hemispherical nanoparticles are formed which can then be functionalised
on one side with NA prior to desorption, allowing for the underside of the
nanoparticle to be left clean.

PtNPs are widely known for their catalytic properties, including the
reduction of hydrogen peroxide. The catalytic activity of these
regioselectively functionalised, hemispherical PtNPs was assessed by
monitoring the difference in current associated with the reduction of
hydrogen peroxide in H,SO, before and after the addition of the
peroxide. Capture NA was bound to the underlying gold electrode, and

Xii



probe NA was bound to the PtNP; these then hybridise together with the
complementary target strand that is uniquely associated to the pathogen
Staphylococcus Aureus. This modified electrode allows detection of the
target with high sensitivity and response time. Semi-log plots of the
pathogen concentration vs. change in current were linear from 1 aM to 1
MM, with a wide dynamic range.

A microfluidic disc has been designed to detect NA biomarkers with high
sensitivity, selectivity and discrimination. The disc is pre-loaded with
mMiRNA strands and each hybridization step is completed inside the disc
by triggering the tabs of chambers to burst to release the contents.
When the hybridization is complete, the target miRNA specific to
epilepsy, is detected based on the electrocatalytic reduction of hydrogen
peroxide at the PtNPs which are functionalised to the probe miRNA
strand. A linear response is achieved from 1 pM to 1 upM.
Electrochemical Impedance Spectroscopy (EIS) was also performed on
the modified electrode as another method of NA detection and a linear
response is achieved with a standard deviation between 2 — 9 %.

Silver is also catalytically active to the reduction of hydrogen peroxide.
Triangular Silver Nanoplates (TSNPs) functionalised with probe strand
NA were immobilised onto a gold electrode surface via a target miRNA
strand that is unique to Neuroblastoma. The change in current before
and after the addition of hydrogen peroxide was monitored and the semi-
log plots of the pathogen concentration vs change in current were linear
from 100 fM to 1 uM. These TSNPs were immobilised within gold
nanocavity arrays via RNA hybridisation of the target NA. When the
TSNPs are immobilised in the cavities, they can also give a plasmonic
enhancement by using different metals, excitation wavelengths and
distances between the nanoplate and the surface of the cavity.
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CHAPTER 1

INTRODUCTION AND LITERATURE
REVIEW



1.1 INTRODUCTION AND OVERALL OBJECTIVES

Specific sequences of nucleic acids can provide practical targets for the
identification and diagnosis of disease since unique sequences can be
associated with particular conditions, e.g., DNA in the case of genetic disorders
or microRNA, miRNA, for conditions such as cancer and cardiovascular
disease. A particular challenge is the sensitive and accurate detection of
nucleic acid markers since this allows disease to be detected early, e.g., before
clinical symptoms can be detected. One attractive strategy for low-cost, rapid
and sensitive detection is the use of (bio)chemical sensors. The development
of electrochemical sensors based on nanomaterials and new detection

strategies is the major objective of this thesis.

Shown in Figure 1.1 is a schematic diagram of the concept that has been
pursued in this work, i.e., a fully integrated, sample-to-answer microfluidic
device that can detect nucleic acid strands that are associated with different
diseases. The detection of target nucleic acids is achieved using a sandwich
assay, where an electrocatalytic metal nanoparticle label is brought to the
surface via complementary nucleic acid hybridisation, and can then be
detected at extremely low concentrations using electrochemical methods.
Many different target nucleic acid strands can be detected, by varying the
capture strand to be complementary to the required target. In this work a
biosensor is described for the detection of DNA from Staph aureus mastitis as

well as miRNAs associated with neuroblastoma and epilepsy.

A biosensor is a sensing device that can detect a biological parameter, such as
binding event or target concentration.! The minimum requirements needed for

a biosensor are?*:

e A molecular recognition layer that allows for a highly selective,
preferably specific, biological interaction to take place between the
surface and the target such as nucleic acids, enzymes, tissues,

microorganisms, etc.



e A transducer that converts the recognition event into a measurable
signal.

e A detector that can convert the measureable signal into a parameter
that can be understood, such as optical, electrochemical, magnetic, etc.

An electrochemical biosensor uses a biological recognition element that is in
contact with an electrochemical transduction element. The characteristics of

an electrochemical biosensor include*®:

e Have a biorecognition layer that enables selective detection of the
analyte;

e Have a transducer that is able to convert the recognition event to an
electrical signal,

e Have self-contained instrumentation, with easily controlled reaction
conditions and minimal need for sample preparation, for possible use
out a centralised laboratory;

e Be accurate and simple to use;

¢ Rapid analysis and output of results;

¢ Independent of physical parameters and surrounding, such as pH and

temperature;

There are many electrochemical transduction approaches including impedance
(changes in resistance and capacitance), conductivity,’ potentiometry’
(changes in potential) and amperometry (changes in current due to oxidation
or reduction). Amperometric detection is attractive as small currents can be

easily measured making it sensitive and it can have a wide dynamic range.?

Where the target is a nucleic acid, the molecular recognition and hence the
selective response, is achieved by immobilising a nucleic acid biorecognition
layer onto the electrode surface. This recognition layer comprises a capture
strand that is complementary to a section of the target nucleic acid strand; this
allows the target strand to be confined on the surface of the electrode through
complementary hybridisation. The “sandwich” is completed by adding a
second probe strand that is labelled, e.g., with a redox active molecule or
nanoparticle, which is also complementary to a section of the target.

Successful hybridisation, enabled by the presence of the target, can be



detected using amperometric methods by measuring the current response
associated with the bound target.®

For many clinical applications, sensitivity is the main challenge. This is due to
the target nucleic acid being present at a low concentration, pM or lower,
especially before symptoms of the disease manifest. One approach for
improving the sensitivity of these electrochemical nucleic acid biosensors is to

I'°, such as nanowires, nanoparticles or quantum dots', as

use a hanomateria
the label so as to generate a large current in response to a small number of

binding events.

In particular, metal nanoparticles are an attractive label to use in the sandwich
assay, as the shape and composition can be varied and tailored to tune their
optical and electrochemical properties so as to enhance the signal generated
or for multiplexing.*?> This ability allows metal nanoparticles to be produced
where the detection sensitivity rivals PCR, without the need for prior
amplification. The main advantage of metal nanoparticles in electroanalysis is
that the nanoparticles can achieve a massive increase in electrode area, and
hence increase the electrochemical signal of the electrode.*® To detect target
nucleic acids at low concentrations, there are few hybridisation events on the
electrode surface; by labelling these hybridisation events with a metal
nanoparticle, there is an increased area available on the electrode, which
therefore would give an increased response signal. The response generated
correlates to the amount of nanoparticles present on the electrode, which are
brought to the surface via complementary hybridisation to the target nucleic
acid; therefore the response can be correlated to the concentration of the

target nucleic acid.

In Chapter 1, various biosensors for the detection of nucleic acids are
discussed, focusing particularly on metal nanoparticles as a method of
increasing the signal to noise ratio and the overall sensitivity. The detection of

specific nucleic acids using integrated microfluidic devices is also discussed.
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Figure 1.1: Schematic of the integrated microfluidic device described in this
thesis. 1. a centrifugal microfluidic device is made with
electrodes included in the base that can be pre-loaded and
triggered to release the contents of the chambers after a certain
event. 2: the electrode is functionalised with capture strand
nucleic acid, the target nucleic acid, and the probe functionalised
platinum nanoparticle, to make the sandwich assay inside the
disc. 3: the external parts of the electrode are attached to a
potentiostat to detect the target nucleic acid concentration using
amperometric detection and impedimetric detection. 4 By varying
the target nucleic acid concentration, a calibration curve of the
nucleic acid concentration vs the electrochemical response can

be obtained.



1.2 NUCLEIC ACIDS

1.2.1 Nucleic Acid Structures

Nucleic acids are biological polymers and include DNA and RNA. DNA and
RNA share many structural similarities, as they are both linear polymers made
up of individual building blocks called nucleotides. RNA strands tend to be
shorter, in the range of hundreds to thousands of bases, whereas DNA is

longer and can be up to millions of nucleotides in length.

RNA and DNA are composed of five nucleotides that are displayed in Figure
1.2; Guanine (G) and Adenine (A), which contain a six membered ring fused to
a five membered ring, and Thymine (T), Cytosine (C) and Uracil (U), which
contain a five membered ring. A, G, and C are found in both DNA and RNA; T
is found only in DNA and U is found only in RNA. These nucleotides are
bound to a backbone; this is composed of a five carbon sugar that is
phosphorylated at carbon 5, and has a hydroxyl group at carbon 3. This gives
the single stranded nucleic acid directionality, and it is commonly read from the
5 end to the 3’ end. DNA contains the sugar 2-deoxyribose.** RNA contains
the sugar ribose which contains an extra hydroxyl group. A phosphodiester
bond links the individual bases together from the 3’ end of one base to the 5’

end of another base.

Watson and Crick discovered in 1953 that DNA had a double helix structure,
which was a major breakthrough for the understanding of the nature of DNA.*
They determined that DNA is composed of two strands of nucleotides that bind
together to form a double helix. Base pairing holds the two strands together; A
is paired to T via two hydrogen bonds, G is paired to C by three hydrogen
bonds. The strength of the double helix is achieved due to the secondary
structure of the double stranded DNA, which included hydrophobic

interactions, van der Waal forces and stacking.*®*’
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Figure 1.2: Structures of the five nucleotides.



1.2.2 DNA

DNA contains all of the information needed to build a cell, become tissues and
form organs. DNA must be protected from damage to ensure the integrity of
the information it holds for these purposes.’® As DNA has a double helix
structure, this infers that each cell has two copies of the information needed to
operate that cell, and if one of the strands becomes damaged, this can be
identified by its base paired strand, which allows the damaged cell to carry out
programmed cell death to prevent the mutations from progressing to the rest of

the organism™.

The cells in the human body received tens of thousands of DNA lesions per
day, which can block genome transcription.?® If they are not repaired, or
repaired incorrectly, they can lead to mutations or abnormalities that can
threaten cell or organism viability. Some of these abnormalities arise through
processes in the cell, such as mismatches occurring through DNA replication,
reactions in the cell or by-products from environmental toxic agents. They can
also occur from sites of inflammations or infection; these attack DNA which
leads to compounds that prevent base pairing, block DNA processes or cause
breaks in the strand.?* If these occur in close proximity, the double-stranded
DNA can break, which is very different to repair and can cause cell toxicity.
These alterations can lead to cellular death, or degenerative changes and

aging of multicellular organisms.?

To convey the information contained in DNA to the rest of the cell to carry out
its function, the DNA is transcribed into RNA.

1.2.3 miRNA

MicroRNAs (miRNASs) are group of small, non-coding RNA molecules that are

approximately 18 — 25 nucleotides long; their function is to regulate the protein



function in cells post-transcriptionally.*® There are many different types of RNA
that are transcribed in the nucleus of the cell and contribute to the cell function.
They can be broken down into two main groups, protein coding and non-
protein coding.?*?> The main function of coding RNA is to transfer DNA to the
ribosome of the cell. The majority of RNA in the cell is non-protein coding.

miRNAs are capable of switching between the upregulation and
downregulation of proteins, which makes the measurements of miRNA an
important indication of how the cell is functioning.® This allows for detection of

cells that are potentially abnormal.

miRNAs circulating in blood are an attractive target for disease detection,
which could lead to non-invasive screening processes for a range of different
illnesses and infections.?” However, the detection methods need to be able to
detect ultralow concentrations of the miRNA, as these are the concentrations
present in circulating blood samples at early stages of the disease. Point of
care detection is ideal, however to achieve this objective, the device must be

inexpensive, sensitive, rapid and simple.



1.3 NUCLEIC ACID BIOSENSORS

Nucleic acids are attractive disease biomarkers since they are easy to
manipulate, purify, label and sequence, which makes them easy to detect.
They have the ability to be amplified and therefore the sensitivity can be
increased. They can also be detected with great selectivity due to the
complementary base pairing of nucleotides which will be disrupted by even a
small number of mismatches. Much of the typical nucleic acid analysis
consists of a sample preparation, amplification of the nucleic acids, followed by

nucleic acid detection.?®

Rapid nucleic acid testing is required in many different fields, including disease
diagnostics, forensics, genetic testing, environmental testing, etc. Amplification
of the target, e.g., by PCR, can be challenging under these circumstances.
Therefore, the development of an inexpensive, easy to use, fast sensor device
is vital to carry out these tests. The main task in making an effective nucleic
acid sensor is to be able to detect the hybridisation event efficiently, at a very
low target concentration. Some methods for detection are not sensitive
enough to detect ultralow concentrations of the target at early stages of
disease detection, and therefore need amplification to obtain a large enough
signal. Enzyme Linked Immunoassays (ELISA)?, loop-mediated isothermal
amplification (LAMP),* rolling circle amplification (RCA)*, and, most

32-35

commonly, polymerase chain reaction (PCR) are all common amplification

methods of target nucleic acid strands.

There are many different methods for detecting nucleic acids, including
fluorescence®*,  chemiluminescence®’, and gravimetric®® biosensors.
Electrochemical detection has the advantages of being cheap, user-friendly,

%940 |t also has the advantage of the ability to be

sensitive and selective
combined with different labels to improve sensitivity, such as organic dyes*,

metal complexes*, enzymes*® and metal nanoparticles*.

10



1.3.1 Nanoparticle Based Biosensor

As mentioned previously, one of the main advantages of incorporating
nanoparticles into electrochemical sensing is the massive increase in surface
area that is achieved by using nanoparticles, as this can then increase the

electrochemical signal.

There are many types of nanoparticles that can be used in electrochemical

45,46

sensors, such as metal nanoparticles, oxide nanoparticles, or composite

nanoparticles.*”*?

Even though each nanoparticle can act differently
depending on the circumstances, there are some functions that most

nanoparticles perform:*°

¢ Immobilization of the biomolecules;

e Catalysis of electrochemical reactions;
e Enhancement of electron transfer;

e Labelling of the biomolecules;

e Acting as a reactant.

The functions of metal nanoparticles can be both the carriers of the biological
molecules for the recognition events, and as tags for the electrochemical signal
response, amplification and output.®® The ability to modify functional groups
onto the metal nanopatrticle surface allows the capability of loading single or

multiple species of biological species onto the surface.

Nobel metal nanoparticles, specifically platinum, gold and silver are interesting
for biosensing applications due to their size and shape dependent optic and
electrochemical properties.”® These metal nanopatrticles are attractive due to

their ease of synthesis, characterisation and surface functionalisation.

By incorporating gold nanopatrticles into their electrochemical DNA sensor, Hu
et al used nano-porous gold electrodes in a sandwich assay to detect target
DNA strand. The gold nanoparticles were bound with a Ruthenium complex
and a limit of detection of 28 aM for the target DNA was achieved using

chronocoulometry, with high sensitivity, selectivity and stability.** Yu et al used

11



a sandwich assay by hybridising the target DNA strand on magnetic beads that
were functionalised with capture DNA strand. Gold nanoparticles and marker-
loaded apoferritin were hybridised to the target DNA strand via complementary
strand on the gold nanoparticle. The marker was released into acidic buffer
and subsequent electrochemical stripping analysis of the electroactive markers
released from apoferritin NPs provided a means to quantify the concentration
of target DNA. A linear range from 2.0 x 107*° to 1.0 x 10™* M, with a limit of
detection of 50 aM was achieved.”® Kawde et al used gold nanoparticles
embedded in polymeric beads.> The gold nanoparticles amplified the signal to
detect target DNA strands using electrochemical stripping as the detection

method, with a detection limit of 300 aM. Wang et al>®

used silver coated gold
nanoparticles for detection of the target strand corresponding to a breast
cancer DNA target. The gold nanoparticle tags and a subsequent
electrochemical stripping detection of the dissolved silver enhances the
response, giving detection limits of 32 pM, which could be even further

improved by increasing the hybridisation time.

These show just a fraction of the possibilities of using metal for electrochemical
nucleic acid detection at ultralow concentrations. The ability to tailor the size,
shape and surface of different metal nanoparticles improves the performance
of the biosensors in all aspects, such as sensitivity and specificity.
Electrocatalytic metal nanoparticles were used in this PhD project and will

therefore be discussed further.
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1.3.1.1 Electrocatalytic Biosensor

Nobel metal nanoparticles can also be used in nucleic acid electrochemical
biosensors by detecting the electrocatalysis of the reaction when hydrogen
peroxide is added to the sensor. As this reduction of peroxide can be
monitored and the signal produced is proportional to the amount of
nanoparticles present in the reaction, the nanoparticles can be labelled with a
nucleic acid or an aptamer that is complementary to the target; therefore the
signal produced is proportional to the amount of target present. Metal
nanoparticles such as gold, platinum and silver are catalytically active, and
hence can enhance the reduction of hydrogen peroxide. In a comprehensive
review by Chen et al,*® the electrochemical sensing properties of hydrogen
peroxide by metal nanoparticles were reported. It reported on many different
types of metal nanoparticles, showing the wide range of properties that metal

nanoparticles have in hydrogen peroxide sensing.

Dong et al®’ have reported a simple, sensitive, label-free electrochemical
biosensing strategy for detecting miRNA, using oligonucleotide encapsulated
silver nanoclusters (Ag-NCs) as an electrocatalytic label. Here, a molecular
beacon probe (MB) in the form of a hairpin miRNA probe is immobilised onto a
gold electrode. When the target miRNA and functional probe encapsulated in
the Ag-NCs hybridise to the molecular beacon, it opens out and brings the Ag-
NCs to the electrode surface. This is described in Figure 1.3. The Ag-NCs are
synthesised using ssDNA to achieve the required size. They are then
characterised using AFM, TEM, UV-vis and EDS. The high catalytic activity of
these Ag-NCs towards H,O, reduction results in a sensitive electrochemical
miRNA biosensor, while the selectivity of the MB probe allows high
discrimination against base mismatches. Figure 1.4 show the differential pulse
voltammetry (DPV) results of the current response when different
concentrations of target miRNA are used. Inset in Figure 1.4 is the calibration
curve between target miRNA concentration and the current response, which
show microamp reproducibility. As the concentration lowers, so does the

current response, as there are less Ag-NCs present on the electrode surface.

13



The limit of detection was determined to be 67 fM target concentration. This
biosensing method is highly selective, as the current response for a single

base mismatch was almost 4 times lower than that of the complementary
target strand.

14



Figure 1.3: Schematic diagram of the electrochemical detection of miRNA
using oligonucleotide encapsulated silver-nanoclusters.
[Reproduced from ref 57: Dong, H.; Jin, S.; Ju, H.; Hao, K.; Xu, L.;
Lu, H.; Zhang, X. Anal. Chem. 2012, 84, 8670-8674.]
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Figure 1.4:. DPV curves of silver-nanoclusters modified Au electrodes in No-
saturated PBS (100 mM, pH 7.0) containing H,O, (3 mM) at 10
fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM, 10 nM, and 100 nM
target miRNA (from a to h). Inset: plot of the peak current versus
the logarithm of target concentration. [Reproduced from ref 57:
Dong, H.; Jin, S.; Ju, H.; Hao, K.; Xu, L.; Lu, H.; Zhang, X. Anal.
Chem. 2012, 84, 8670-8674.]
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Shahdost-fard et al®® have recently described an aptasensor for the detection
of adenosine using platinum nanoparticles as an electrocatalytic label.
Adenosine plays a fundamental role in many biological processes, for example
energy generation and protein metabolism. There is also promising
investigations into the possibility of using it as a biomarker for cancer detection.
In this study, platinum nanoparticles are functionalised with aptamers capture
strands, and immobilised onto multi-walled carbon nanotubes (MWCNT)
composites. The catalytic response of the platinum nanoparticles to the
reduction of H,O, was monitored. When adenosine was present in the
solution, the peak reduction decreased, as the aptamer on the platinum
nanoparticles release from the capture probe, and forms a complex between
the aptamer functionalised platinum nanoparticles and the adenosine. Shown
in Figure 1.5 are the voltammogram responses of the different concentrations
of adenosine in the presence of 150 mM H,0,. As the concentration of
adenosine increases, the current response of the reduction peak decreases.
The limit of detection is determined to be 1 nM concentration of adenosine,
which is reported to be an improvement on other detection methods. They
have shown also that this is a reproducible and stable for storage. The
selectivity is shown to be excellent; when uridine, cytidine and guanosine were
used instead of adenosine, there was no recognisable decrease in the
electrocatalytic reduction signal of H,O,. This adenosine detection method
was also used to determine the concentration of adenosine in human blood
serum and pharmaceutical formulations, and gave results in the expected
ranges. This approach therefore is successful in determination of the
concentration of adenosine and could be expanded to detect other small
molecules by changing the aptamer to the complementary for the target

molecule.
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Figure 1.5: Voltammograms of Pt-NPdsDNA-modified GC electrode after

dropping of different concentration of adenosine in 0.1 M PBS (pH
7.4) containing 150 mM of H,O, at a scan rate of 10 mV/s.
Insets: plots of reduction peak current vs log Cagenosine (NM).
[Reproduced from ref 58: Shahdost-fard, F.; Salimi, A.; Khezrian,
S. Biosens. Bioelectron. 2014, 53, 355-362.]

18



|59

Polsky et al’” used catalytic platinum nanoparticles as catalytic labels for the
amplified detection of DNA hybridisation and aptamer/protein recognition.
Figure 1.6 shows the two schemes used for these detection methods.
Platinum nanoparticles were functionalised with a thiol end group probe strand
on DNA for the DNA detection. A thiol end group DNA strand was immobilised
on the surface of a gold slide electrode; this DNA strand is complementary to
the target analyte. The platinum nanoparticles were then confined on the
surface of a gold slide electrode by complementary hybridisation to the target
DNA strand. Platinum nanoparticles were also functionalised for thrombin
detection. An aptamer modified surface was immobilised on the gold electrode
for capture on thrombin, and then the platinum nanoparticles were brought to

the surface of the electrode for detection, as shown in Figure 1.6.

The results of these detection methods are shown in Figure 1.7. Figure 1.7A
shows the amperometric responses for the DNA target analyte of different
concentrations. This investigation demonstrated that there is a catalytic
response of the platinum nanopatrticle catalytic label, and the limit of detection
was determined to be 10 pM. Figure 1.7B shows the amperometric response
of the reduction of hydrogen peroxide for the thrombin detection method, and a
limit of detection for this study was determined to be at least 1 nM of thrombin.
No catalytic current was determined when there was no thrombin present, or
when a control of BSA was used in replacement of thrombin. The sensitivity of
thrombin detection is improved 100-fold to present thrombin detection
methods. The analysis of DNA is comparable to available procedures at that
time, but by using other nanoparticles or substrates could improve the
sensitivity of this method greatly. While the responses generated here are
impressive and they are the first to demonstrate the use of electrocatalytic
nanoparticles for amplifying the response in biosensing, the concentration
range used isn’t very wide, as only 4 concentrations are reported for each
study. Also, there is an absence of error bars in Figure 1.7 and the
reproducibility of the biosensor is not discussed in the publication. This could

prove to be an issue, as reproducibility is a huge factor in biosensing.
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GGTTGGTGTGGTTGG-3'

Figure 1.6: Scheme depicting the analytical procedure for using the Pt-NPs in
the analysis of (A) DNA and (B) thrombin. [Reproduced from ref
59: Polsky, R.; Gill, R.; Kaganovsky, L.; Willner, I. Anal. Chem.
2006, 78, 2268-2271.]
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Figure 1.7: Chronoamperometric results for different concentrations of (A)
DNA, and (B) thrombin in 0.1 M phosphate buffer that included 2
mM H,0, for (A) and 10 mM H,O, for (B) [Reproduced from ref
59: Polsky, R.; Gill, R.; Kaganovsky, L.; Willner, 1. Anal. Chem.
2006, 78, 2268-2271.]
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1.3.2 Impedimetric Based Biosensor

1.3.2.1 Electrochemical Impendence Spectroscopy Background

Electrochemical impedance spectroscopy is a sensitive electrochemical
technique for investigating a wide range of bulk and interfacial electrical
properties of electrode systems.®® By modifying the surface of the electrode,
for example with a biorecognition event, the interfacial properties change in
accordance with how it was modified and what properties are associated with

the new, modified surface.

EIS is the measurement of impedance (Z) over a wide range of frequencies.
Impedance is a measure of the ability of a circuit to resist the flow of an

electrical current.

As depicted in Figure 1.8, impedance measurements consist of applying a
small sinusoidal ac potential excitation to an electrochemical cell and
measuring the current and phase difference of the electrical current that

develops across it. The excitation voltage can be expressed as:
E: = E, sin(wt) Equation 1.1

where E; is the potential at time t, E, is the amplitude of the signal, and w is the
radial frequency and t is time. The sinusoidal current response signal

therefore has a phase shift that is expressed as:
ly = lo sin (wt + P) Equation 1.2

where |; is the current at time t, |, is the current amplitude and @ is the phase
shift. Impedance can then be calculated in an expression analogous to Ohm’s
Law as follows:

E  Eosin(wt) _ Eo sin(wt)

7 =— = =
I lo sin(wt + @) °To sin(wt + P)

Equation 1.3
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There are two common methods of displaying impedance data; Nyquist plots
and Bode plots. Nyquist plots shows the real data (Z’) versus the imaginary
data (Z”). Nyquist plots usually include a semi-circle lying on the x-axis
followed by a straight line. At a higher frequency, the semi-circle portion
corresponds to the electron transfer limited process and at a lower frequency,
the straight line corresponds to the diffusion limited process. In fast electron
transfer processes, only the linear process is observed while in very slow
electrode transfer processes, a large semi-circular region is shown. The

diameter of the semi-circle is equal to the electron transfer resistance.

The primary disadvantage of the Nyquist plot is that the frequency isn’t shown.
However, the Bode plot shows the phase and amplitude over the frequency
range analysed. The bode plot is the logarithm of the absolute value of the
impedance and the logarithm of the phase, plotted against the logarithm of the
frequency.

\
/1N

\/ t
/N

Phase Shift
<>

Figure 1.8: Schematic of sinusoidal applied potential and the current response

as a function of time, displaying the phase shift.
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1.3.2.2 EIS in Biosensing

Various strategies are used to design impedimetric biosensors, such as
forming functional groups on the surface of the electrode, physical entrapment
of the biomolecules, and layer by layer assembly; these methods are all used

in various different impedimetric biosensors.

Impedimetric biosensors can be divided into four main groups based on the

biorecognition / immobilization process. The main groups would be antibody-

61-63 64-66

antigen based biosensors, aptamer based biosensors, cell-based

67-69 70,71

biosensors, and enzyme based biosensors.

As previously mentioned, electrochemical nucleic acid biosensors can provide
sensitive and inexpensive detection for complex samples. In impedimetric
nucleic acid sensors, changes in current, resistance or impedance following
the binding of a target sequences, conformational changes or DNA damages

can be monitored.

Zhang et al™

have recently described a label-free impedimetric biosensor for
detection of DNA sequence and used an adjunct probe to amplify the EIS
signal. Figure 1.9 shows a schematic diagram of the biosensor. The adjunct
probe is a thiol terminated DNA strand with 14 bases that functions as a fixer to
immobilise the dissociative element of the reporter probe to form loop
structure. When the target sequence is exposed to this surface, the target
DNA displaces the reporter probe; the adjunct probe can then immaobilise this
element of the reporter probe, bending the reporter probe so it collides with the
electrode surface and effectively blocks the charge transfer. An increase in R
was observed in the presence of the adjunct probe that was more than ten
times that of the R without the adjunct probe due to the increased steric
hindrance on the electrode and blocking of the charge transfer. Displayed in
Figure 1.10 are the overlaid Nyquist plots of varying concentrations of the
target DNA strand, showing how the R values depend on the concentration of
target. The inset shows a dynamic range from 0.1 nM to 0.5 M with an R? of

0.9972. The limit of detection was determined to be 6.3 pM. This biosensor
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was shown also to be selective and could discriminate against interferences. It
could also be used for different DNA or RNA target strand sequences, by using
complementary adjunct and reporter probe sequences.
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Figure 1.9: A schematic illustration of using an adjunct probe for sensitive and
label-free electrochemical impedance spectroscopy detection of
DNA sequence. [Reproduced from ref 72: Zhang, X. Y.; Zhou, L.
Y.; Luo, H. Q.; Li, N. B. Anal. Chim. Acta 2013, 776, 11-16.]
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Figure 1.10: Nyquist diagrams for the sensor incubated with different
concentrations of target DNA (a—h): (a) blank (0 nM target), (b)
0.1 nM, (c) 50 nM, (d) 0.1 M, (e) 0.2 M, (f) 0.3 M, (g) 0.4 M, and
(h) 0.5 M. Inset: the resulting calibration curve of ¢ vs. Rct for
the target DNA over the range of 0.1 nM-0.5 M. Error bars
represent the standard deviation of three replicates.
[Reproduced from ref 72: Zhang, X. Y.; Zhou, L. Y.; Luo, H. Q;
Li, N. B. Anal. Chim. Acta 2013, 776, 11-16.]
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Wang et al”

have developed a sequence-specific and ultrasensitive sandwich
impedimetric DNA sensor. Gold nanoparticles are used as a signal enhancer
in this instance, along with a hairpin DNA probe. The hairpin probe is self-
assembled onto the electrode; when it is exposed to the target strand, the
hairpin opens. The remaining stem of this hairpin is then labelled with the
reporter DNA / gold nanoparticles, forming the sandwich system. The reporter
DNA — gold nanoparticle conjugates were used as the seeds for their catalytic
enlargement in a growth solution containing a negatively charged surfactant.
The electrode surface became more negatively charged after this, and
therefore more significant amplification was achieved due to the surface
exerting an electrostatic repulsive force against the redox probe in the
electrolyte. Displayed in Figure 1.11 are Nyquist plots, showing the increase
R.: response to increasing target DNA concentrations. The detection limit for
this system was determined to be 30 aM. The system is also selective to base
mismatches and non-complementary targets, showing how this is also a

promising biosensor for impedimetric nucleic acid detection.
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Figure 1.11: Nyquist plots of the impedance spectra obtained by the DNA

sensor after incubation in different concentrations of
complementary target DNA and signal amplification. (a) 0 fM; (b)
0.1 fM; (c) 1 fM; (d) 5 fM; (e) 10 fM; (f) 50 fM; (g) 100 fM; (h) 300
fM and (i) 500 fM. [Reproduced from ref 73: Wang, W.; Yuan,

X.; Zhang, W.; Gao, Q.; Qi, H.; Zhang, C. Electrochim. Acta
2012, 78, 377-383.]
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1.4 MICROFLUIDIC BIOSENSORS

Standard methods of biomarker detection involve often time consuming,
laborious methods that require specific training, such as cell culture, nucleic
acid amplification and enzyme linked immunoassays. The number of deaths
attributed to preventable or treatable causes could be severely reduced by
improving diagnosis to allow for a rapid and accurate diagnosis, so treatment

can begin sooner.™

Microfluidic-based diagnosis devices are on-chip sensing platforms that require
only a small amount of bodily fluid and can be used for diagnosis and real-time
monitoring of biomarkers.” Microfluidic devices have the ability to analyse a

diverse range of clinical samples, such as blood, urine and saliva.

There are many different types of microfluidic biosensors, usually categorised
according to the way the fluid is transported inside the device.”® These can
primarily be divided into two categories; passive flow approaches and active
flow approaches. Passive flow approaches require little instrumentation to
function and for this reason they can easily be made inexpensive and portable.
Examples of passive flow approaches include osmotic flow,”” surface tension’®
and capillary force.” Active flow approaches reply on fluid handling forces

such as pressure driven flow,?° electrical force® and centrifugal force.®

A huge advantage of microfluidic devices for detection is that many different

biomarkers can be detected. These types of biomarkers vary and include

3 80,84 5 86,87

bacteria,®® viruses, proteins,8 cells and nucleic acids. As the main

focus of this work is on the detection of nucleic acids, this will primarily be

explored here.
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1.4.1 Nucleic Acid Detection in Microfluidic Device

There are many advantages to carrying out nucleic acid amplification in
microfluidic devices such as faster reaction times, disposability, compactness,
smaller sample and reagent sizes, and the ability to integrate with other
devices or instrumentation for analysis.®® There are numerous microfluidic
devices that demonstrate the nucleic acid amplification step inside the device.
Common amplification methods used in a microfluidic device include PCR,*
NASBA,* LAMP®* and RCA.*

PCR is an enzyme-driven, non-isothermal nucleic acid amplification technique
that involves three different reactions during the amplification process;
denaturing, annealing and extension. These steps are easily controlled
through thermal cycling, as each step occurs at a different temperature.
Reverse-Transcriptase PCR (RT-PCR) is a variation of the PCR technigue that
is more suitable for target RNA detection.®® This involved isolating the target
RNA from the sample, and then reverse transcriptase is used to produce

complementary DNA. The target is then amplified via PCR.

The microfluidics work in this thesis is based on centrifugal force as the fluid
transportation method. Centrifugal microfluidics is a suitable technique for fully
integrated devices due to having simple interfaces and only requiring a single
actuator. They also have the potential for complete point-of-care systems, by

allowing prestorage of the reagents. Recently, Stumpf et al*

have presented a
complete sample-to-answer nucleic acid based detection LabDisk for detection
of influenza A H3N2. This is the first demonstration of a fully automated
sample-to-answer centrifugal microfluidic disc, comprising of the pre-storage of
all of the required reagents. The layout of the disc is displayed and explained

in Figure 1.12.

Supply of the sample into the LabDisk is the only manual handling step.
Included in the disc is RNA extraction via chemical lysis and a bind-wash-elute
protocol, based on transport of silica coated magnetic particles. The eluate is

pumped to the structure via centrifuge-dynamic inward pumping. RT-PCR is
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then performed on the extracted RNA. All of the required reagents are pre-
stored, either as dry reagents or as liquid reagents using miniature stick-packs.
The processing of the LabDisk was conducted on a LabDisk player that
includes the PCR-thermocycling, fluorescence detection and controls the
rotational frequencies. This processing device is suitable for operation at the
point-of-care due to its small size (15 cm x 18 cm x 28 cm) and light weight (2

kg).

The detection method for this device is optical fluorescence. Shown in Figure
1.13 are the normalized fluorescence signals for the three different
concentrations investigated. The concentration detected in this study is
approximately four-fold lower than the range of clinical relevance described in
literature; therefore sufficient sensitivity is achieved. The total turnaround time

for complete analysis is reported to be less than 3.5 hours.

While this work is very impressive and is a huge step forward in point-of-care
diagnostics, only three different concentrations were tested. In order to
improve this detection method further, more concentrations should be tested to
obtain a full assay with a range of concentrations for influenza A H3N2. While
the concentrations tested here are lower than the range of clinical relevance
for this virus, having a lower LOD for this device could mean earlier detection,
which is something to consider in future work on this device. However, this
system is extremely relevant in the detection of pathogens, as it is quick,
portable, and requires minimal, user-friendly steps, as the only manual

handling is the initial sample injection.
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Figure 1.12: Photograph (left) of the LabDisk for sample-to-answer nucleic
acid based detection of respiratory pathogens with complete
reagents prestorage and a CAD drawing (right) of the microfluidic
structure. The sample is supplied into the inlet chamber (a) while
liquid reagents are prestored in stick packs and placed therein into
the overlapping stick-pack chambers (c) which are connected to
the Teflon coated nucleic acid extraction structure (d-g) consisting
of the lysis and binding chamber (d) wherein the magnetic beads
are prestored, the washing chamber (e) and 2 (f) and the eluate
chamber (g). The microfluidic channels and pneumatic chambers
in the area of (h) are used for inward pumping of the eluate into the
aliquoting structure (i) and transferred subsequently to the reaction
cavities (j). Primers and fluorescence probes are prestored in the
reaction cavities as well as the RT-PCR lyophilisates. For optional
reagent addition during the development phase of the LabDisk,
chamber (b) was implemented. It can be used e.g. for loading a
liquid RT-PCR mastermix instead of lyophilisates. The air vent (k)
is covered by a hydrophobic membrane prohibiting contamination
by aerosol dissemination. [Reproduced from ref 93: Stumpf, F.;
Schwemmer, F.; Hutzenlaub, T.; Baumann, D.; Strohmeier, O.;
Dingemanns, G.; Simons, G.; Sager, C.; Plobner, L.; von Stetten,
F.; Zengerle, R.; Mark, D. Lab Chip 2016, 16, 199-207.]
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Figure 1.13: Combined fluorescence signals of 18 individual LabDisk
experiments with different influenza A H3N2 virus concentrations.
[Reproduced from ref 93: Stumpf, F.; Schwemmer, F,;
Hutzenlaub, T.; Baumann, D.; Strohmeier, O.; Dingemanns, G.;
Simons, G.; Sager, C.; Plobner, L.; von Stetten, F.; Zengerle, R.;
Mark, D. Lab Chip 2016, 16, 199-207.]
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There have also been reports of detecting nucleic acids inside microfluidic
devices, without using an amplification process prior to detection, although
these are less common.**®" This could be due to the fact that often the target
nucleic acid is being detected is in such a low concentration in the sample and
the detection method is not sensitive enough to pick up the low concentrations.
Therefore, an amplification method is necessary.

Goral et al reported an electrochemical microfluidic biosensor that detected
DNA associated with Dengue virus.”” Used in this study were interdigitated
ultramicroelectrode arrays with a PDMS microfluidic device. The sequences
are detected via hybridisation to two DNA oligonucleotides, one of which is
immobilised on a superparamagnetic bead captured on a magnet; the other is
labelled with a liposome that has entrapped potassium ferro/ferricyanide.
Therefore, the concentration of DNA molecules present is directly proportional
to the number of liposomes captured. The liposomes are then lysed so the
electrochemical markers are released and can therefore be detected at the

interdigitated ultramicroelectrode arrays that are downstream in the device.

Shown in Figure 1.14 is the response curve of varying concentrations of DNA
vs the area of the current peak associated with that concentration. The limit of
detection was determined to be 1 fmol of DNA, with a dynamic range between
1 fmol and 50 fmol of DNA per assay. A simplified two electrode system is
used, which requires only a simple potentiostat for signal detection which could
easily be miniaturised into a hand-held unit for potential point-of-care
diagnostics. The overall assay was completed in 6 minutes, with an extra 15-
20 minutes of pre-incubation, which is another advantage for diagnostics, as it

gives a rapid response.
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Figure 1.14: Dose response curve for synthetic Dengue virus DNA. Analyses
were done in triplicate and the peak area is reported.
[Reproduced from ref 97: Goral, V.; Zaytseva, N.; Baeumner, A.
Lab Chip 2006, 6, 414-421.]
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1.5 METAL NANOPARTICLES

1.5.1 Platinum Nanoparticles

As discussed in previous sections, platinum is electrocatalytic and can catalyse
the reduction of peroxide, resulting in an amplified current. This can be used in
biosensing applications as demonstrated above, by immobilizing a biomarker
onto the nanoparticle and measuring the catalytic current; as the signal
generated is proportional to the amount of nanoparticles present, and the
amount of nanoparticles present is proportional to the amount of target analyte.

In this way, a calibration curve can be achieved.**%

There are many methods of preparing metal nanoparticles.’™ This work
focusses on electrodeposition. Electrodeposition is the process whereby a
potential difference is applied to an electrode at an electrolyte interface
resulting in electron transfer between the electrode and the electrolyte,
therefore causing the deposition of atoms in the electrolyte onto the electrode
surface. There are many advantages of electrodeposition over other methods

such as!®%

¢ High rate of deposition;

¢ High shape stability;

e Low cost;

e Clean method;

¢ Can deposit onto a broad range of materials;

¢ Can be performed at room temperature.
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1.5.1.1 Control of Platinum Nanoparticle Deposition

In order to produce an optimized electrocatalytic surfaces, the nanoparticles
must be produced in a controlled manner, so that the size and surface
coverage of the particles can be accurately controlled. By separating the
nucleation and growth steps of the electrodeposition process, it has been
demonstrated that it is possible to control the size of the nanoparticles
formed.*1%1% penner et al have developed this method by applying different
potentiostatic pulses for the nucleation and growth steps, for different lengths

of time.*%%1%

This method involves applying a high overpotential nucleation
pulse for a very short period, followed by the growth pulse at a lower
overpotential for a longer period. This allows the surface of the electrode to
become seeded with the nuclei of the nanopatrticles, and then it is these nuclei

that are subsequently grown during the growth pulse.

An example of Penner’s work is shown in Figure 1.15; here silver nanoparticles
are deposited onto highly orientated pyrolytic graphite, using a silver plating
solution containing 1mM AgCIlO, with a supporting electrolyte of 0.1 M LiCIO,4
in acetonitrile.’® The double pulse method is used to grow the silver
nanoparticles. Firstly, a nucleation pulse potential was applied for 5 ms
followed by a -70 mV deposition potential ranging from 500 ms to 120 s. What
is clear from these images is the difference in size and density of the
nanoparticles. In comparison to silver nanoparticles grown at just -400 mV or -
500 mV for 150 ms, the nanoparticles grown using the double pulse method
are more narrowly dispersed in diameter, and also the density is 1 — 3 orders
of magnitude lower. The smallest particles grown here were 240 nm in
diameter, but by shortening the growth time down to 50 ms, smaller particles
were obtained, down to 42 nm in diameter. Penner's group have also had
great success in using this method to grow nanopatrticles of different metals,

such as molybdenum dioxide, cadmium, copper, nickel, gold and platinum.®’

The purpose of separating the nucleation and growth phases of the
electrodeposition is to eliminate progressive nucleation. Progressive
nucleation means that there is continuous nucleation onto the surface that the

nanoparticles are created throughout the entire deposition process; this
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therefore means that the nanoparticles are grown at different rates, to different
sizes, causing size polydispersity.

Progressive nucleation can be caused also by diffusion zone coupling.
Surrounding each nucleus after deposition is a depletion layer; this is an area
where the volume of the electrolyte has a lower concentration of metal ions
than in the bulk electrolyte, due to the deposition. When diffusion zone
coupling occurs, the depletion layers of two or more nuclei join together and
therefore the supply of metal ions to these nuclei will be slower in comparison
to uncoupled nuclei, resulting in size polydispersity. Elimination of the diffusion
zone coupling should improve size monodispersity. The expansion of the
depletion zone is a function of the rate of particle growth; the faster the growth
time, the faster the uptake of metal ions by the nucleus and hence, the faster
the expansion of the depletion zone. Therefore, by using a shorter growth
time, along with a lower overpotential, there is less expansion of the depletion
zone and therefore less diffusion zone coupling. This means that there is less
polydispersity and a greater uniformity in the size of the deposited
nanoparticles.'%

What Penner has also reported from these results is that the fraction of the
nucleated silver nanoparticles that grow further into larger silver nanopatrticles
depends on the growth potential used. Even when large growth potentials
were used, still only 1 in 10 of the nucleated nanoparticles grew to larger
particles. This has also been observed and explained by Plieth et al.***** |t
occurs due to gas evolution at large over potentials, along with the stability of
the nanoparticles deposited. Only the larger particles deposited are stable

enough to survive the growth step when some potentials are used.

Hence, it is clear that many parameters are involved in the deposition of metal
nanoparticles. Both the deposition time and potential(s) are intrinsically
involved in the size, shape and density of the deposited nanoparticles, and
need to be carefully considered prior to growing the nanoparticles. However,
this means that the nanoparticles can be tailored to the size and density that is
required for further application, by just changing the deposition times,

potentials for the nucleation or the growth pulses.
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Figure 1.15: Scanning electron micrographs of silver particles deposited onto
highly orientated pyrolytic graphite using a plating solution of 1
mM AgCIlO, in 0.1 M LiCIO4 in ACN. A nucleation pulse was
applied for 5 ms at -500 mV, followed by a deposition potential
of -70 mV applied for durations of (a) 500 ms, (b) 1 s, (c) 5 s, (d)
10 s, (e) 30 s and (f) 120 s. [Reproduced from ref 106: Liu, H.;
Penner, R. J Phys Chem B 2000, 104, 9131-9139.]
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1.5.2 Silver Nanoparticles

Silver is another noble metal that is electrocatalytic towards the reduction of
hydrogen peroxide.'***'* Silver nanoparticles can be used in a similar way as
mentioned above, for biosensing applications to detect target analytes.

Silver also has the advantage of its optical properties. Silver is SERS (Surface
Enhanced Raman Spectroscopy) active.'®''® SERS is a technique that
provides great enhancement of the Raman signal for Raman-active analytes
that have been immobilised onto nanostructured metal surfaces. In some
instances, the Raman signal has been increased with an enhancement factor
up to 10" The importance of SERS is that it is both surface selective and
highly sensitive, whereas Raman spectroscopy is not. SERS is selective to the
surface signal, and not that of the bulk material; it can selectively enhance the
signal of the analyte on the surface, making it more sensitive to Raman
spectroscopy, where the signal from the bulk material can overwhelm the
signal coming from the surface analyte. This means that SERS active

nanoparticles can be used in biosensing applications also. 8

1.5.2.1 Tuneable Silver Nanoparticle Shapes

By controlling the shape of the silver nanoparticles, the properties of the
nanoparticle can be controlled. There are many ways to synthesis triangular

d,120

silver nanoparticles, such as photoinduced metho seed-mediated

hlZl

approach'* and nanosphere lithography.'*

The SERS properties of triangular silver nanoparticles have been utilized for
sensing and imaging of lung cancer cells.'*® Potara et al have coated
triangular silver nanoplates with chitosan, which are then labelled with para-
aminothiophenol (p-ATP). The triangular silver nanoplates are used in this

instance as Raman scattering enhancers, which yield a reproducible and
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strong SERS signal. A strong, distinct SERS signal was produced under a
wide range of excitation wavelengths, which overcomes the limited range

possible with spherical nanoparticles.***

They also have low toxicity to the
cells and don’t interfere with cell proliferation. These results are promising and
open up more functions for triangular silver nanoplates, such as for cell

imaging and as an imaging probe for the integration of a therapeutic agent.

Another advantage of using triangular shaped silver nanopatrticles is that they
have unique optical properties that can be tailored to many different biosensing
opportunities.’®*?® |n SERS, “hotspots” are created between the nanoparticles
to produce intense electromagnetic fields that increase the Raman intensity of
the molecules located in these regions. When triangular silver nanoplates are
used, these hotspots occur at the edges or at the tips of the triangles, and
therefore they can operate individually as a highly sensitive SERS substrate.
These hotspots can be utilised by controling the distance between
nanoparticles, or between the nanoparticle and surface to overlap these

electromagnetic fields in order to obtain the greatest enhancement.*?"*?8
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1.6 CONCLUSION AND THESIS OUTLINE

As detailed above, the robust, low cost detection and quantitation of nucleic
acid sequences or specific mutations requires highly sensitive and specific
detection strategies in order to detect the diseases before any clinical
symptoms appear, for increased treatment and prognosis. Nucleic acid (DNA
and RNA) strands are simple molecules that can be important biomarkers of
diseases and can be found in all body fluids. An increased emphasis is now
being placed on point-of-care diagnostics, which can determine the
concentration of these biomarkers in real world samples, e.g., plasma or even
whole blood. These point-of-care devices need to be inexpensive, simple to

use by an untrained person, quick, and with limited instrumentation.

In this review, various biosensors that detect nucleic acids have been
described. Metal nanoparticles are used as a method of increasing the signal
and therefore the sensitivity of the biosensors. Nobel metal nanopatrticles are
electrocatalytic towards the reduction of hydrogen peroxide; therefore if they
are brought to the electrode surface via target nucleic acid hybridisation, the
signal achieved from the electrocatalysis would correlate to the amount of
nanoparticles present on the surface, and hence, the concentration of target
analyte. Another advantage of using nanoparticles is to increase the surface
area, which gives a high local concentration of binding sites and also gives

more surface area for the electrocatalytic activity to occur.

In Chapter 3, the synthesis of regioselectively functionalised nanopatrticles is
reported. A double pulse potential electrodeposition method is used in order to
control the growth of these nanoparticles to achieve size monodispersity. The
platinum nanoparticles are templated also, in order to regioselectively
functionalise them with nucleic acid strands prior to desorption. This allows the
underside of the nanoparticle to remain clean, unmodified and available for

efficient electrocatalysis.

The application of these nanopatrticles in a DNA assay is described in Chapter

4, using electrocatalysis as the detection method. A range of concentrations of

43



target DNA was immobilised onto a gold electrode via capture strand
hybridisation; the platinum nanoparticles were brought to the surface of the
electrode via complementary probe strand hybridisation and the catalytic
activity was measured after the injection of hydrogen peroxide.

Chapter 5 furthers this electrocatalytic assay, by incorporating the detection
into a microfluidic disc. The nucleic acid strands are pre-loaded into the device
and each chamber is triggered to release after a certain event, to allow each

hybridisation step to occur sequentially.

The electrocatalytic activity of silver nanoparticles is reported in Chapter 6. As
silver nanoparticles have unigue optical properties, the nanoparticles are also
immobilised in gold microcavities, via nucleic acid hybridisation, to investigate

the plasmonic properties.

A major overall objective of this work is to achieve ultrasensitive detection of
nucleic acid sequences that are associated with different diseases. This is
achieved by using electrocatalytic metal nanopatrticles to amplify the signal and
sensitivity of the detection methods, allowing low concentrations to be
determined leading to earlier diagnosis. This approach also negates the need

for target analyte amplification and therefore requires less time for a diagnosis.
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CHAPTER 2
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2.1 MATERIALS & CHEMICALS

Ethanol (99.5 %), sulphuric acid (H,SO,4, 95-98 %), nitric acid (HNO3),
tetrahydrofuran (THF), Dulbecco’s phosphate buffer saline (DPBS),
chloroplatinic acid hydrate (H,PtCls, = 99.9 %), and hydrogen peroxide (H,O,,
30 % (w/w) in H,O) were all supplied by Sigma-Aldrich. Denhardt’s
hybridization solution was obtained from Sigma Aldrich and consists of 1%
Bovine Serum Albumin (BSA), 1 % Ficoll, and 1 % Polyvinylpyrrolidone (PVP)
in water, at a pH of 7.

The electrodes were polished using alpha alumina with a particle size ranging
from 1 um to 0.05 um (Buehler, USA). Gold on glass slides were supplied by
Tyndall National Institute, and were cut into 1 cm x 1 cm squares using a
diamond pen. The gold slides were cleaned with ethanol and then with

deionised water prior to use.

1 mM dodecanethiol (C12, 98 %) and 11-mercaptoundecanoic acid (COOH-Cy;-
SH, 95%) were both obtained from Sigma Aldrich and made up in ethanol
(99.5 %).

The uniform platinum nanoparticles used in Chapter 4 were purchased from
Particular GmbH. These platinum nanoparticles were 635 nm in size, citrate
stabilized, and suspended in H,O. The uniform platinum nanoparticles used in
Chapter 5 were purchases from Strem Chemicals. They were 50-70 nm in
diameter and suspended in acetone. Triangular silver nanoplates (base
length: 100+20 nm, height: 150+20 nm) and gold-edged triangular silver
nanoplates (base length: 200+50 nm; height: 300+50 nm) were obtained from

Silvonics Technologies Ltd.

The gold coated silicon wafers used as electrodes were purchases from
Amsbio. Poly(methyl methacrylate) (PMMA) and polyvinyl alcohol (PVA) was
supplied by Radionics, Ireland. Pressure sensitive adhesive (PSA) was

supplied by Adhesives Research, Ireland.
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A 10% w/v solution of 5.43+0.14 pM polystyrene microspheres was obtained

from Bangs Laboratories. The gold salt solution was supplied by Technic Inc,
UK.

All of the aqueous solutions were prepared using Milli-Q water (Millipore Core,
18 MQcm™).
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2.1.1 Nucleic Acids

The oligonucleotides were purchased from Eurogentec ©™ (98 %), Belgium.
The base sequences for each strand are as follows.

2.1.1.1 DNA

Capture: 5-CGG-CAG-TGT-TTA-TCA-3’-SH

Target (Staphylococcus Aureus - Mastitis): 5-TGA-TAA-ACA-CTG-CCG-
TTT-GAA-GTC-TGT-TTA-GAA-GAA-ACT-TA-3’

Probe: SH-5-AT-AGT-TTC-TTC-TAA-ACA-GAC-3’

2.1.1.2 miRNA

Neuroblastoma target — miR-132-3p:

Capture: 5’ — U-AGA-CUG-UUA-3’-SH-C3
Target (Neuroblastoma): 5’ -UAA-CAG-UCU-ACA-GCC-AUG-GUC-G-3’

Probe: SH-C3-5’-C-GAC-CAU-GGC-U-3’

Epilepsy target — miR-134:

Capture: 5 — ACC-AGU-CAC-A-3’-SH-C3
Target (epilepsy, miR-132): 5’ - UGU-GAC-UGG-UUG-ACC-AGA-GGG-G-3’

Probe: SH-C3 -5'-CCC-CUC-UGG-U - &
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2.2 INSTRUMENTATION

2.2.1 Microscopic instrumentation

2.2.1.1 SEM

SEM images were taken using a Hitachi S300N scanning electron microscope
at an accelerating voltage of 5 - 20 kV and a probe current of 25 — 35 mA. The
samples were mounted on a high purity aluminium stub using conductive

carbon tape.

2.2.1.2 FESEM

Field Emission Scanning Electron Microscopy (FESEM) was performed using a
Carl Zeiss Supra Ultra plus microscope. The accelerating voltage was 5 — 20

kV and the probe current was 35 mA.

2.2.2 Spectroscopic Measurements

2.2.2.1 Raman

Raman measurements were carried out using a Peltier cooled (=70 °C) charge
coupled device (CCD) camera (255x1024 pixels) attached to a HORIBA Jobin-

Yvon Labram HR 1000 spectrometer coupled to a Digital Instruments Bioscope
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Il with an inverted microscope. Samples were excited with a 633 nm laser
source. The spectrometer was equipped with diffraction gratings of 600
grooves / mm and the slit allowed the spectral resolution of 2 cm™.

The area of the laser spot on the samples was 1 um in diameter. Data
acquisition times used in the Raman experiments was 30 s. The Raman band
of a silicon wafer at 520 cm™ was used to calibrate the spectrometer. The
spectral data acquired were analysed using LabSpec software.

2.2.2.2 UV

UV-Vis spectra were recorded on a Varian Cary 50 spectrophotometer.
Samples were analysed in a quartz cuvette with a pathlength of 1 cm with a
spectral range of 200-1000 nm unless otherwise stated. The background was
corrected for blank solvent absorbance prior to every measurement and was

performed at room temperature.

2.2.2.3 EDX

EDX measurements were performed using an Oxford INCA microanalysis
system using an X-Max detection system. The accelerating voltage was 10 —

20kV and the probe current was 35 mA.
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2.3 EXPERIMENTAL PROCEDURES

2.3.1 Electrode Fabrication and Cleaning

A three electrode electrochemical cell was used at room temperature 20 + 3 °C
for all electrochemical measurements including cyclic voltammetry. Unless
stated otherwise, the working electrode was a 2 mm planar gold disc, the
counter electrode was a large area coiled platinum wire and a silver/silver
chloride (Ag/AgCl in 3 M KCI) was a reference electrode. All electrochemical

measurements were carried out using a CH Instruments 760D and 760B.

Prior to use, the gold disc working electrode was polished with 0.3 pM alumina
paste on a felt bed, followed by polishing with 0.05 uM alumina paste on a felt
bed for at least 10 min. It was then thoroughly washed with Milli-Q water and
ethanol before sonication in Milli-Q water for 5 min. All solutions were

deoxygenated using a stream of nitrogen gas prior to use.

Voltammetry was used to determine the microscopic area and surface
roughness factor (microscopic to geometric areas) by scanning the electrode in
0.1 M H,SO, between 0 V and 1.5 V at a scan rate of 0.1 V/s, as shown in
Figure 2.1. The gold oxide reduction peak, typically found ta 0.8 V is used.
This peak is used to calculate the electrochemical area and the surface
roughness factor.! These calculations are given below in Equations 2.1 — 2.3,
where Ag is the geometrical area of the electrode (0.0314 cm?), EA is the
electrochemical area, A, is the area under the peak and R.F. is the surface

roughness factor.

Ag = 1P Equation 2.1
= A—”_Z Equation 2.2
390uCem
R.F.= 4¢ Equation 2.3

EA
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Figure 2.1: Cyclic voltammogram of a 2 mm gold disc electrode cycled in 0.1
M H,SO, with a scan rate of 0.1 V/s. The counter electrode was
a platinum wire; the reference electrode was Ag/AgCl in KCI. The

sixth scan in presented.
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2.3.2 Self-Assembled Monolayers

The available surface area of clean and polished gold electrodes was
determined using the method described in Section 2.3.1. The modification of
the gold surface involved the formation of alkanethiol self-assembled
monolayers (SAMSs) by placing the freshly polished electrodes into 150 pL of 1
mM dodecanethiol in ethanol. The vials were sealed using parafilm, to prevent
solvent evaporation. The surface modification time had been previously
optimised to be 7 hours.> A scheme of the steps involved for the whole
process is shown in Figure 2.2. By modifying the surface of the gold electrode,
PtNPs can be formed using defects within a dodecanethiol monolayer as a

template.

2.3.3 Platinum Deposition

Platinum electrodeposition experiments were carried out with 0.5 M H,SO, as
the supporting electrolyte. A 1 mM platinum salt solution was made from
chloroplatinic acid hydrate. The double-pulse potential method was used to
deposit the metal. The two pulse method was carried out in two stages; firstly
a short, large overpotential nucleation pulse was applied for 20 ms, followed by
a longer, smaller overpotential growth pulse, lasting up to 90 s. A series of
potentials for both the nucleation and growth step were investigated, ranging
from -1000 mV to -1800 mV for the nucleation pulse, and 0 mV to -600 mV for
the growth pulse. Electrodeposition was carried out on bare gold disc
electrodes that were previously cleaned as shown in Section 2.3.1 and also on
dodecanethiol, self-assembled monolayer modified gold disc electrodes, as

explained in Section 2.3.2.

The electrochemical area associated with the deposited platinum nanoparticles
was calculated as explained in Equations 2.1 — 2.3 for the surface area of gold,

with the charge associated with the reduction of platinum as 210 uCcm.
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2.3.4 Nanoparticle Functionalisation

2.3.4.1 Regioselectively Functionalised Nanoparticles

Once the platinum nanoparticles were deposited into the monolayer defects,
the upper, clean surface of the nanoparticles were functionalized with probe
oligo (5’ thiolate). The probe DNA strand was immobilized on the PtNP surface
by immersing the nanoparticle functionalized electrode in 150 pL of a 1 pM
solution of the probe DNA strand, dissolved in Denhardt’s buffer for 3 h. The
tube was sealed with parafilm to ensure no dust particles etc. entered the
solution. After hybridization, the electrode surface was rinsed thoroughly with
deionised water to remove any loosely attached strands. The DNA

functionalised PtNPs were then desorbed as explained below in Section 2.3.5.

2.3.4.2 Uniformly Functionalised Nanoparticles

Nanoparticles in solution were uniformly functionalised across their entire
surface with probe strand nucleic acids. The 1 uM probe nucleic acid strand in
Denhardt's buffer solution was combined with the nanoparticles solution to
form a nucleic acid layer with a density of approximately 1 x 10™*° mol.cm?. For
the spherical platinum nanoparticles, this involved adding 1 ml of the platinum
nanoparticle suspension to 3.39 ml of the 1 uM probe miRNA solution and

leaving overnight to functionalise.

This is calculated depending on the size of the nanoparticles that are used,
and the available surface area of the nanoparticle. This method was used for
both the uniformly functionalised platinum nanoparticles and the triangular

silver nanoplates.
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2.3.5 DNA hybridization

The following steps were carried out to create and regioselectively
functionalise the nanoparticles and implement the DNA sandwich assay:

Step 1A: As described in Section 2.3.3, the PtNPs are grown on a gold disc
electrode that has been functionalized with a self-assembled alkane thiol

monolayer containing templating defects.

Step 1B: As described in Section 2.3.4.1, the upper surface of the PtNPs is

then functionalized with probe oligo strands.

Step 1C: The probe-functionalised PtNPs were then desorbed as explained

below in Section 2.3.5.

Step 2A: On a separate, freshly polished and cleaned gold disc electrode, a
monolayer of the capture oligo (3’ thiolate) was deposited by immersing the
working electrode in a 1 uM solution of the thiolated oligo prepared in
Denhardt’s buffer. The tube was sealed with parafilm. After five hours, the
electrode was thoroughly rinsed with deionised water to remove any loosely

bound strands.

Step 2B: Concentrations of target oligo from 1 uM to 1 aM were hybridized to
the immobilized capture oligo strand, by immersing the capture oligo
functionalized electrode in 150 uL of the target strand dissolved in Denhardt’s
buffer for 3 hours. Following hybridization, the modified electrode was rinsed

with deionised water.

Step 2C: The electrode modified with the capture and target strands were
allowed to hybridize to the probe oligos immobilised on the upper surface of
the PtNPs for 5 hours. Finally, it was rinsed thoroughly with deionised water

and dried under a nitrogen stream.
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2.3.6 Platinum Nanoparticle Desorption

To desorb the PtNPs that were deposited as described in Section 2.3.3, a
current of 0.01 A was applied for 180 s to the working electrode, into an
electrolyte of 0.05 M H,SO,, that had been previously deoxygenated with
nitrogen for 15 min.

The key purpose in the desorption of the PINPs is to have asymmetrically
functionalized, electrocatalytic nanoparticles. By applying a large current jump,
the inter-connection between the electrode and the nanoparticle is broken
giving a suspension of PtNPs that are functionalized with DNA only on one

hemispherical surface.

2.3.7 Electrochemical Detection of DNA

The hybridized target DNA can be detected by monitoring the reduction of
hydrogen peroxide (H,O,) at the surface of the captured PtNPs, as shown in
Equation 2.4. For the assays measuring the target DNA, a “full electrode” of
DNA was used, such as the one shown in Figure 2.2; i.e. present on the
electrode was capture DNA, target DNA and probe DNA, the probe DNA
containing the desorbed hemispherical PtNPs that were suspended in solution,
and hybridized onto the electrode, as explained in Section 2.3.4. The PtNPs /
DNA modified electrode, was placed in 0.1 M H,SO, and the current was
measured at -0.25 V until it reached an equilibrium after approximately five
min. Then, 2 mL of H,O, was added and the reduction current was measured
after approximately thirty min at -0.25 V, when an equilibrium had been
reached once again. The difference in current, Ai, is taken as the response of

the peroxide reduction at the bound PtNPs.

H,O, — 02 +2H" + 2¢e

H,O, + 2H" + 2e” — 2H,0 Equation 2.4
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Figure 2.2: Schematic representation of the steps involved in this process.
Step 1. Dodecanethiol monolayers are formed initially (Section
2.3.2); PtNPs are formed in the monolayer defects (Section
2.3.3); the regioselective PtNPs are functionalised on one side
with probe DNA (Section 2.3.4); a large current jump was applied
to desorb the functionalized PtNPs (Section 2.3.5). Step 2: on a
different electrode, capture and target DNA sequences for

staphylococcus aureus were hybridized and then functionalized

b

C.DNA
Hybridisation
with PtNP
Labelled Probe
DNA

Gold Elecrode?

=

Gold Electrode?

with the suspended probe DNA / PtNPs (Section 2.3.4).
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2.3.8 Nanocavity Array Synthesis

The nanocavities were synthesized as previously published.® The gold wafers
were cut to the required size using a diamond pen and were washed, first with
ethanol, then with deionised water. A 1/70 dilution of the 10% w/v stock
polystyrene solution was made with water. 150 pL of this solution was
dropcast onto the gold slide to give a uniform coverage. The samples were left

to dry overnight.

Electrochemical deposition through this polystyrene sphere template was then
achieved using the gold salt solution at a potential of -1 V. Deposition
continued until a charge of 2.8 C had been passed through, which created a 3
pm thick film. The gold was washed with deionised water when finished to

remove any salts.

2.3.9 Silver Nanoplate Synthesis

2.3.9.1 TSNP Electrocatalytic Array

The detection of DNA was carried out using Triangular Silver Nanoplates,
TSNPs, as the label rather than the regioselectively or uniformly modified

platinum nanoparticles as described in Section 2.3.4 and Section 2.3.6.

A gold disc electrode was prepared as described in Section 2.3.1. A
monolayer of the capture miRNA was formed by immersing the electrode in
150 pL of a 1 pM solution of the thiolated strand in Denhardt’s buffer at 37 °C
for 5 h. The tube was sealed with parafiim. The miRNA modified electrode
was then rinsed with deionised water. The target miRNA was hybridized to the
immobilized capture strand by immersion in 150 pL of the target oligo solution

for 3 hours at 37 °C. Varying concentrations of target miRNA were used, from
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1 uM to 1 aM. Following hybridization, the electrode was rinsed thoroughly
with deionised water. The TSNP-labelled probe miRNA that was made as
described in Section 2.3.4.2 were then hybridized to the complementary
section of the target miRNA by immersion in 150 pL of the NP-probe solution
for five hours at 37 °C. The electrode was once again rinsed with deionised
water to remove loosely bound strands.

The electrocatalytic assay was performed as described in Section 2.3.7. The
only difference was the final concentration of hydrogen peroxide in the solution
was 200 puM. This is because not as large a volume of peroxide was required

for catalysis in this case.

2.3.9.2 TSNP Bio-Raman Nanoarray

The triangular silver nanoplates (TSNPs) were immobilised in the gold
nanocavity array described in Section 2.3.5 (nanoparticle in microcavity

architecture) to analyse via Raman spectroscopy, as shown in Figure 2.3.

Once the gold cavity array was electrodeposited as in Section 2.3.8, a
monolayer of 11-mercaptoundecanoic acid was allowed to form on the top
surface with the templating spheres in place, by immersing the nanocavity
array in 1 mM of the monolayer in ethanol for 12 hours. This was to block any
binding of the capture miRNA to the top surface of the nanocavity array. The

polystyrene spheres were then removed by sonication in THF.

The capture miRNA was immobilized in the cavity by immersing the array in
150 pL of 1 uM of the capture miRNA dissolved in Denhardt’s solutions for 5
hours at 37 °C. Hybridization of the target miRNA strand (1 uM concentration)
to the capture strand was performed at 37 °C for 3 h. The probe-functionalized
TSNPs (Section 2.3.4.2) were hybridized with the complementary section of
the target not used for binding to the capture strand for 5 h at 37 °C, resulting

in the structure in Figure 2.3. This was then used for Raman analysis.
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Figure 2.3: Scheme of how the Triangular Silver Nanoplates (TSNPs) are
used in two arrays. The TSNPs are first functionalized with probe
strand miRNA (Section 2.4.8.1). These are then used in an
electrocatalytic assay (Section 2.4.8.2), and also in a Bio Raman

Nanoarray (Section 2.4.8.3).
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2.3.10 Microfluidic Disc Fabrication

The microfluidic disc is made up of 9 layers in total, consisting of four layer of
PMMA and 5 layers of PSA. Computer-Aided Design (CAD) software package
Pro/Engineer (PTC, USA) was used to design each layer of the disc. The
larger voids such as reservoirs and vents were machined in PMMA using a
CO; laser, Epilog Zing 16 laser (Epilog, USA). The PMMA layers used were
0.5 mm, 1.5 mm and 2 mm thick. Small features such as the microchannels
and lower channels were cut from PSA using a knife cutter, Graphtec CE6000-
40 (Graphtec, USA). Prior to assembly, each layer was cleaned with
isopropanol. The disc was aligned using an assembly jig; between each step
the discs were rolled using a temperature-controlled lamination press (Hot Roll

Laminator, Chemsultant Int. US).

Dissolvable film (DF) tabs were made by attaching PVA to double-sided PSA
to create sticky tabs. Circular and slot-shaped DF tabs were used in different
areas of the disc to allow for systematic triggering of the disc to allow the
hybridisation to occur fully inside the disc. The volume of the reservoir
chambers and the sample chamber is 200 yL each. More detail on the

working of the disc is described in Chapter 5.

2.3.10.1 Experimental Spin Stand

The discs were spun on an experimental spin stand® at varying frequencies
from 1 — 35 Hz. They were spun using a computer controlled spindle motor
(Faulhaber Minimotor SA, Switzerland). A stroboscopic light source
(Drelloscop 3244, Drello, Germany), a short exposure-time camera (Pixelfly,
PCO, Germany) and the motor are all synchronised using custom electronics
to visualise the hydrodynamics on the rotating disc. Images are acquired as
single files at a rate of ~6 Hz. Each image is imprinted with a time stamp

accurateto 1 s.
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2.3.11 Nucleic Acid Detection in Microfluidic Disc

2.3.11.1 Impedimetric Detection of Nucleic Acids in Microfluidic
Disc

Electrochemical Impedance Spectroscopy (EIS) was carried out using a CH
Instruments 760 E workstation. A three-electrode electrochemical cell was
used, inside the microfluidic disc, at a temperature of 20 + 3 °C. The working
electrode was functionalised a gold electrode functionalised as explained
above; the counter electrode was a gold slide; and an ITO slide acted as the
reference electrode. The disc was placed inside a Faraday cage for analysis.
EIS measurements were carried out at the open circuit potential in the
frequency range of 0.01 — 100,000 Hz, with a 25 mV ac amplitude. A dilute
electrolyte of 1 mM DPBS was used. The measured data was fit to an

equivalent circuit model using Z-view software.

2.3.11.2 Electrocatalytic Detection of Nucleic Acids in Microfluidic

Disc

The electrocatalytic detection of the nucleic acids immobilised on the electrode
inside the microfluidic disc is performed as explained previously in Section
3.2.6, with a few differences. The electrolyte in this instance is DPBS, and the

final concentration of H,O, added is 20 uM.
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Figure 2.4: Microfluidic disc pre-loaded with target miRNA, miRNA
functionalised PtNPs and DPBS. Each chamber is triggered to
release after a certain event to functionalise the electrode with

complementary miRNA strands.
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2.4 CONCLUSION

In this chapter, the materials, instruments and chemicals used throughout the
thesis are described. The experimental procedures are outlined, showing the
preparation of the biosensor and substrates, using metal nanopatrticles. This
chapter also details the fabrication and cleaning processes for all materials

used in the working chapters of this thesis.
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CHAPTER 3

FABRICATION OF PLATINUM
NANOPARTICLES USING DOUBLE
POTENTIAL STEP
ELECTRODEPOSITION
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3.1 INTRODUCTION

Metal nanoparticles are an area of continuing interest due to their wide array of
potential applications.  Noble metal nanoparticles, e.g. platinum, can
electrocatalytically reduce hydrogen peroxide, and therefore have been used
extensively in sensing applications, such as in nucleic acid and aptamer
biosensors, and hydrogen peroxide sensors.”™ This reaction is fundamental in

fuel cells®’, metal air batteries® and electrochemical sensors.***°

However, in order to produce optimised electrocatalytic surfaces, it must be
possible to produce nanoparticles in a controlled manner, such that the size
and surface coverage of the particles can be accurately controlled. Many ways

of preparing metal nanoparticles including sputter coating*™, chemical

14,15

synthesis** and irradiation methods™'’ have been developed. This work

focused on electrodeposition due to the following advantages:

- Speed,; it is a very quick method.

- Stability; produces stable nanoparticles that do not have any intentional
surfactant stabiliser

- Ability to form single particles, instead of clusters.

- Ability to control the deposition process, and therefore the size of the

particle.*®*°

We have previously made regioselectively functionalised nanoparticles that
were functionalised on one side with DNA, and the other side was left clean
and therefore catalytically active.’> The hemi-spherical gold nanoparticles
were obtained by applying a self-assembled monolayer, with nanoscale defect
sites, onto the surface of the gold electrode prior to electrodeposition. These
particles were capable of detecting target DNA at picomolar concentrations in
a DNA hybridisation assay. However, an issue with this approach is that when
the target DNA concentration is in extremely low concentrations very few
electrocatalytic nanoparticles are bound to the electrode surface. As the
electrocatalytic current is proportional to the nanoparticle surface area,

capturing a small number of randomly sized particles from a size polydisperse
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population, will lead to significant variation of the electrocatalytic current for a
given DNA target concentration. Therefore, a method of deposition size
monodisperse nanoparticles is required in order to detect DNA at ultralow

concentrations.

This chapter reports an approach to the fabrication of high density, size
monodisperse platinum nanoparticles. The size and density of the platinum
nanoparticles can be controlled by careful choice of deposition potentials, and
also the duration of the potential. In the literature review, it was explained how
electrodeposition is achieved by a nucleation and growth mechanism. By
exploring different potentials, it is possible to tune the size and density of the
nanoparticles. Another method used for controlling the size and density is to
modify the surface of the gold disc electrode prior to deposition, using an
alkanethiol self-assembled monolayer with nanoscale defect sites, and
depositing the platinum into these defects. This allows the platinum to grow
through the defect sites, and over the edge of the monolayer, in “mushroom”
shapes, which means that the particles are hemispherical and therefore be

regioselectively functionalised for further applications.

The particles are characterised by cyclic voltammetry to determine the
electrochemical area of platinum deposited onto the electrode. The particles
are also characterised by scanning electron microscopy in order to determine
the shape and density of the particles and the efficiency of the desorption from

the electrode.

The application of these platinum nanoparticles will be reported in later

chapters of this thesis.
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3.2 RESULTS AND DISCUSSION

3.2.1 Nucleation of Platinum on Non-Templated Gold Disc

Electrodes

First, the optimization of single and double potential step waveforms to create
size monodisperse platinum nanoparticles is reported. In order to characterise
the nucleation process and obtain information about the reduction potential of
the platinum salt, and the potentials at which the platinum metal can be
electrodeposited, cyclic voltammetry was carried out on gold electrodes. The
platinum salt chosen for these investigations was 1mM chloroplatinic acid
hydrate (H,PtCls) in 0.5 M H,SO,.

3.2.1.1 Voltammetric Characterisation of Nucleation of Platinum on

Non-Templated Electrodes

An overpotential is the potential beyond the standard reduction potential that is
needed to drive the reaction at a certain rate. This is based on Bulter-Volmer
kinetics which shows that rate of the reaction increases at the overpotential
increases. The standard reduction potential for platinum is at approximately
0.3 V. Therefore, the potential applied to deposit platinum needs to be
negative of this. As this deposition potential becomes more negative (greater

overpotential), the reaction proceeds quicker.

The nucleation step requires an overpotential that is extremely negative of the
standard potential of platinum (0.3 V) to drive the instantaneous nucleation.
The overpotential is then made more positive, to grow these particles and

lower diffusion zone coupling. The key is finding a balance between the two; in
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order to do this, many different potentials were investigated in different

combinations.

The nucleation potentials investigated here were a pulse of -1.0 Vto -1.8 V. A
CV of the gold disc electrode after the nucleation of platinum electrodeposition
is shown in Figure 3.1, showing how the electrode is affected by only the
nucleation pulse for 20ms. The gold oxide reduction peak is visible at 0.8 V.
This peak decreases and there is a large increase in the water reduction peak
at -0.4 V for the platinum deposition; this shows that although there isn’t
enough platinum for the platinum oxide reduction peak to be completely visible
at approximately 0.3 V, there is still platinum present in these nucleation sites,

as it is platinum that catalyses this water reduction.

Table 3.1 shows the values of the electrochemical area and surface roughness
of the gold oxide reduction peak and the platinum oxide reduction peak before
and after nucleation. Equations 2.1 — 2.3 are used to calculate the
electrochemical area and surface roughness, using 390 uCcm™ for the charge
under the gold oxide reduction peak and 210 pCcm™ for the charge under the
platinum oxide reduction peak. . By zooming into the CV around the point
where the platinum oxide reduction peak should occur, it is possible to see the
peak at 0.3 V that is not visible when the CV is in full view. The SEM image
shown in Figure 3.2 confirms that nanoparticles are present. The
electrochemical area of gold decreases in each case; this shows that the
available surface area on the gold electrode is decreasing as platinum
nanoparticles are deposited onto the surface. The average percentage
decrease varies for each nucleation potential used, from approximately 39 %
to 58 %. However, the error bars are small indicating that the percentage

decrease is reproducible.
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3.2.1.2 SEM Characterisation of Nucleation of Platinum on Non-
Templated Electrodes

To characterise the nature of the platinum deposits, SEM images were taken
after the nucleation pulse at each different potential was applied. An example
of an image following a 20 ms pulse at a -1.6 V potential is shown in Figure
3.4.

As shown by the voltammetric characterisation of the nucleation step, the
electrochemical area of platinum is minimal after only applying the nucleation
potential of 1 V to -1.8 V for 20 ms. The amount deposited increases slightly
as the over potential is decreased, as shown in Table 3.1; however, the
available electrochemical area of platinum deposited is also very similar after
each potential, especially for the potentials -1.0, -1.2 and -1.4 V, with a slightly
larger E.A. for the -1.6 V pulse. These SEM images correlate with the
voltammetric characterisation, and for this reason, the SEM image of the -1.6 V
potential deposition is shown here. What can be seen in this image, are the
tiny white dots of platinum that are starting to form, some of which are
highlighted in a red circle for clarity; these are the nucleation sites, and it is on
these that the platinum will be grown from when the growth pulse is applied.
Using ImageJ software, the density of the nucleation particles was determined
to be approximately 35 x 10° particles per cm?. The size of the particles are
between 50 — 100 nm.

These nucleation pulses will be discussed further on in this chapter, when they
are combined with the growth pulses, to determine the best ones for the

nanoparticles required here.
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Figure 3.1:
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Table 3.1: Comparison of the average electrochemical area (E.A.) and

average surface roughness (S.R.) factor values of the gold oxide

and platinum oxide peaks of a gold disc electrode before and after

a nucleation pulse is applied for 20 ms in 1 mM chloroplatinic acid

hydrate in 0.5 M H,SO,4. The average values are based on n = 3.

‘ Au Peak: Pt Peak:
Applied Av. Av. Av.% Av. Av
Potential Av. Ap E.A. S.R. decrease Av. Ap E.A. S.R.
Bare
-5 -2
10 | Blec. | 174x10 4.46x 102 | 1.42 0 0 0
47.503
After +1.791
. 9.13x10° | 2.34x10? | 0.75 3.41x10° | 1.63x10?% | 0.52
Bare )
-5 -
12 | Blee. | 154x10 3.96 x102 | 1.26 0 0 0
51.760
= +1.204
ter
- 7.44 x 10° 1.91x102 | 0.61 3.42x10° | 1.63x10°% | 0.52
Bare . ,
14 | Elec. | 170X 10 435x102 | 1.39 0 0 0
56.108
After 7.45x10° 1.91x102 | 0.61 +0.320 3.88x10° | 1.85x 102 | 0.59
NUC. . X . X . . X . X .
Bare
-5 -2
16 | Blec. | 184x10 420x102 | 1.34 0 0 0
After 58.145
NG 6.85 x 10° 1.76 x 102 | 0.56 +0.271 8.24x10° | 3.93x102 | 1.25
Bare
-5 -2
18 | Blec. | 173x10 4.44x102 | 1.41 0 0 0
After 39.082
NG 1.05x10° | 2.70x102 | 1.21 +2.698 2.08x10° | 9.89x10° | 0.32
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53400 5.00kV-9.8mm x9.50k SE

Figure 3.2: SEM images of a gold electrode after a potential of -1.6 V was
applied for 20 ms in a 1 mM chloroplatinic acid hydrate in 0.5 M

H,SO, solution.
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3.2.2 Nucleation of Platinum on Self-Assembled

Monolayer Templated Gold Disc Electrodes

A self-assembled dodecanethiol monolayer (SAM) was formed on the surface
of the gold disc electrode, using the method described in Section 2.3.2. These
SAMs have defect sites, in which the platinum will be deposited after the
nucleation pulse. The aim of using these SAMs and defect sites is to obtain
platinum nano-scale particles that are size monodisperse and that can be
grown out of the defect sites, to form hemispherical shaped particles. The

influence of the nucleation step is reported here.

3.2.2.1 Voltammetric Characterisation of Nucleation of Platinum on

Self-Assembled Monolayer Templated Electrodes

A CV comparing a gold electrode that is modified with the SAM with defect
sites before and after the deposition of platinum using a -1.6 V nucleation
pulse is shown in Figure 3.3. As in the previous section, the electrochemical
area of the gold oxide reduction peak at 0.8 V decreases and the water

reduction peak appears at -0.4 V once again after the platinum deposition.

Table 3.2 shows the average electrochemical area, surface roughness factor
and average percentage decrease for the gold oxide reduction peak at 0.8 V
after the -1.6 V pulse in 1 mM chloroplatinic acid hydrate. As the CV shows,
there is no platinum oxide reduction peak to calculate the electrochemical area
from. This could be attributed to the presence of the monolayer; as there is
less gold available for the deposition of platinum, it takes a longer time to
deposit into the defect sites at a large enough scale for the corresponding
platinum oxide reduction peak to be clearly seen in cyclic voltammetry.
However, as the electrochemical area of the gold oxide reduction peak has an

average percentage decrease of 5 — 29 %, platinum is deposited.
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By comparing the percentage decrease of the electrochemical area of the gold
oxide peak both with and without the monolayer (Table 3.1), it can be seen that
there is a bigger decrease without the monolayer on the gold surface, due to
less gold availability initially in the defect sites of the SAM. This is indicative of
less platinum deposited due to the presence of the SAM, which corresponds to
no platinum oxide reduction peak present; however this will be investigated
further, when the growth step has been incorporated into the deposition

process.

3.2.2.2 SEM Characterisation of Nucleation of Platinum on Self-
Assembled Monolayer Templated Electrodes

As reported previously in Section 3.2.1.2, SEM images were obtained for each
of the potentials, after the pulse was applied to an alkanethiol modified
electrode. However, no platinum deposits could be observed by cyclic
voltammetry after a 20 ms nucleation pulse; therefore only one image is shown
in Figure 3.4, after a -1.6 V nucleation pulse, and it is compared to an SEM

image of just the self-assembled monolayer.

By comparing image A to B, it can be seen that there are platinum deposits
present. The platinum can be seen by the small while dots on the surface,
some of which are circled in red to highlight them. As expected on the basis of
the voltammetric response, the density of the platinum particles deposited on
the SAM modified electrode is less than when it is deposited onto the
unmodified electrode. This is confirmed by analysis of the surface using
ImageJ, as the density is approximately 27 x 108 particles /cm? This lower
platinum coverage would also account for the smaller percentage decrease in
the gold oxide reduction peak after the nucleation pulse. This will be further
considered later, along with changes in the growth pulse, to determine the best

potentials for these platinum nanoparticles to be deposited.
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Figure 3.3: Cyclic voltammogram of a dodecanethiol modified 2 mm diameter
gold disc electrode in 0.1 M H,SO, (solid line) and after

modification with platinum from a 1mM chloroplatinic acid hydrate

in 0.5 M H,SO, at an applied potential of -1.6 V for 20 ms.
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Table 3.2: Comparison of the electrochemical area (E.A.) and surface
roughness (S.R.) values based on the gold oxide peaks of a gold
disc electrode with a self-assembled monolayer, before and after a
nucleation pulse is applied for 20 ms in 1 mM chloroplatinic acid
hydrate in 0.5 M H,SO,4. The average values are based on n = 3.

Au Peak ‘

Av. Av. Av Average
Applied potentials Ap E.A. S.R. % decrease
-5 -2
1.0V Modified Elec | 119%10 3.05x10 0.971 8.222
+1.475
After Nuc 1.09x10° | 2.80x10% | 0.891
-5 -2
12V Modified Elec | 192%10 3.89x 10 1.238 13.627
+1.048
After Nuc 1.31x10° | 336x10% | 1.069
-5 -2
1.4V Modified Elec | 12010 3.84x 10 1.224 22.420
+0.777
After Nuc 1.16x10° | 298x10% | 0.949
-5 -2
1.6V Modified Elec | 13710 3:51x 10 1.119 29.636
+ 0.507
After Nuc 9.64 x 10° 2.47 x 10° 0.787
-5 -2
1.8V Modified Elec | 129X 10 3.20x 10 1.018 4.986
+ 0.582
P 1.18x 10° 3.04 x 10° 0.967
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83400 20.0kV 9.0mm x8.50k SE

S3400 5.00kV 8.4m x8.00k SE

Figure 3.4: A: SEM image of an alkanethiol self-assembled monolayer grown
for 7 h onto gold electrode. B: SEM image the SAM-modified gold
electrode after a potential of -1.6 V was applied for 20 ms in a 1

mM chloroplatinic hydrate in 0.5 M H,SO, solution.
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3.2.3 Control of Nucleation and Growth using Double-
Pulse Method

Previous work has been carried out using a single-pulse electrodeposition
method, which has shown that it is an effective method in depositing platinum
nanoparticles. However, in order to achieve instantaneous nucleation and to
control the uniformity and size of the electrodeposited nanoparticles, it is

necessary to separate the nucleation and growth steps.

This was first demonstrated by Penner as a method of controlling particle size

By
using this double pulse method, high nucleation densities can be achieved,

21-23 24-27

distribution and has been used by many others for this purpose.
while minimizing diffusion zone coupling and achieving better control over
nanoparticle size. As shown schematically in Figure 3.5, a large overpotential
that is more negative than the standard reduction potential is used first in order
to achieve instantaneous nucleation to seed the surface with nuclei. Then, the
potential is changed so that the growth of the particles occurs from the nuclei
on the surface at the desired rate. This gives greater control over the size of
nanoparticles, as they can be effectively tuned to the size and density that is

required.

Initially the experiments were carried out on non-templated gold disc
electrodes, to see if the defect containing monolayer deposition step could be
omitted. First, the deposition of platinum nanoparticles onto pristine electrodes
without a monolayer is discussed and then platinum deposition on monolayer

functionalised gold disc electrodes is considered.
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Figure 3.5: Schematic representation of the Double Pulse Potential
electrodeposition method used in this chapter. Both the
nucleation and growth potentials and the time applied can be

varied.
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3.2.3.1 Control of Nucleation and Growth using Double-Pulse
Method on Non-Templated Gold Disc Electrodes

3.2.3.1.1 Voltammetric Characterisation of Platinum Deposition on Non-
Templated Gold Disc Electrodes.

The growth potentials were investigated from 0 mV to -600 mV, in 100 mV
increments.  As the nucleation pulse should be at a more negative
overpotential than the growth pulse, the potentials investigated were from -
1000 mV to -1800 mV in 100 mV increments. The nucleation pulse was
applied for 20 ms. The growth pulse was applied for both 30 s and 60 s, at
each potential. For each potential looked at, a CV was obtained for the bare
gold disc electrode, the electrode after platinum nanoparticle deposition, and
once again after removing the platinum nanopatrticles, in order to compare the
gold and platinum oxide reduction peaks for each step. These are shown in
Figure 3.6 for one growth cycle of platinum. Figure 3.6A is the bare electrode;
the gold oxide reduction peak is present at 0.8 V. Figure 3.6B is after the
deposition of platinum; the gold oxide reduction peak decreases and the
platinum oxide reduction peak forms at 0.3 V. The large peak at -0.4 V is
water reduction. Figure 3.6C is when the platinum deposits have been
removed from the electrode. The gold oxide reduction peak increases and the
platinum oxide reduction peak decreases significantly, showing that most of
the platinum has been desorbed from the surface of the electrode. The
electrochemical area and surface roughness factor were calculated for each
step of the process using the gold oxide reduction peak and the platinum oxide
reduction peak and compared in order to look at the area of platinum deposited
and how it varied between each potential applied. These figures are shown in
Table 3.3 for the corresponding CV in Figure 3.6. Only one value is shown
here; deposition at each potential was performed, and these values are shown

in the appendix.
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By analysing the electrochemical area of the gold and platinum, before and
after deposition and stripping, the best parameters for platinum depaosition and
desorption can be deduced. Optimum results would be achieving platinum
nanoparticles that are size monodisperse and high density that retain their
properties when desorbed from the electrode into suspension after deposition.

Table 3.3 shows the optimum parameters for platinum deposition. A
nucleation pulse is applied for 20 ms at -1600 mV and a growth pulse is
applied at -200 mV for both 30 s and 60 s. The electrochemical area of the
deposited platinum is 0.119 cm? when it is grown for 30 s at a -200 mV
potential, and 0.238 cm? when it is grown for 60 s at the same potential. The
platinum deposits are then removed using a current jump, as explained in
Section 2.3.5. After the platinum is removed, the electrochemical area of
platinum decreases for both growth times, showing much of the platinum is
removed from the surface of the electrodes. It would be expected that as the
electrochemical area of platinum increased, the electrochemical area of the
gold oxide reduction peak would decrease a substantial amount also, however
this is found not to be the case. The electrochemical area of the gold oxide
peak does decrease from 0.051 cm? to 0.043 cm? for the 30 s deposition time
and from 0.049 cm? to 0.038 cm? for the 60 s deposition time. Although it is
impossible to say for definite at this stage why this is the case, it is possible
that the reason for this is due to the platinum growing in “cluster’-like shapes,
so therefore there is a large electrochemical area for platinum present, but as it
is growing on top of each other, there is still a significant amount of underlying

gold left bare. This will be explored more thoroughly using SEM.

From analysing the electrochemical areas and surface roughness values for all
of the potentials and times investigated, a trend is observed. The
electrochemical area of platinum deposited increases as the nucleation pulse
increases, up to -1600 mV but for -1800 mV it decreases again. This is
thought to be because gas bubble formation impedes deposition or strips some

of the platinum off the surface.
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Figure 3.6: Cyclic voltammograms of: (A) 2 mm unmodified gold electrode, (B)
after electrodeposition of platinum nanoparticles onto the gold
surface (C) after the platinum nanoparticles have been desorbed.
In all cases the supporting electrolyte was 0.1 M H,SO,. The
voltammograms have been displaced vertically for clarity of
presentation.
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Table 3.3:

Comparison of the electrochemical area (E.A.) and surface

roughness factor (S.R.). values of the gold oxide reduction and

platinum oxide reduction peaks of a bare gold disc electrode,

before and after platinum deposition of a 1mM chloroplatinic acid

hydrate solution in 0.5 M H,SO, using the double step potential

method, and after desorption of the platinum nanoparticles, using a

current jump. A nucleation potential of -1600 mV is applied for 20
ms and a 600 mV growth pulse for 30 s and 60 s.

Exp -1600 mV nuc pulse for 20 ms; | -1600 mV nuc pulse for 20 ms;
conditions | -200 mV growth pulse for 30 s | -200 mV growth pulse for 60 s
Au Oxide Pt Oxide Au Oxide Pt Oxide
Reduction Reduction Reduction Reduction
Peak Peak Peak Peak
E.A. S.R. | EA. S.R. | EA. SR. | EA | SR
Bare Gold
Electrode 0.051 | 1.62 | 0.000 | 0.00 | 0.049 | 1.57 | 0.000 | 0.00
After Pt
Deposition 0.043 | 1.38 | 0.119 | 3.79 | 0038 | 1.21 | 0.238 | 7.59
After Pt
Desorption 0.037 | 1.18 | 0.052 | 1.67 0.062 | 1.8 0.004 | 0.12
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3.2.3.1.2 SEM Characterisation of Platinum Deposition on Non-Templated
Gold Disc Electrodes

Figure 3.7 shows SEM images of platinum deposited onto gold using a -1600
mV nucleation pulse for 20 ms, along with a -200 mV growth pulse applied for
30 s and 60 s, in image A and B respectively. These electrodeposition
parameters were chosen in order to compare with the voltammetric
characterisation in the previous section. As can be seen from the images, the
platinum isn’t deposited in uniformly shaped nanoparticles; it is grown in
clusters. This confirms the suggestion in the previous section that the platinum
grows in clusters, as opposed to nanopatrticles. It also confirms why the gold
oxide reduction peak in the CV doesn’t decrease as much as anticipated when
the platinum is deposited. From the SEM image, it is clear that there is still a

large amount of gold left bare, as the platinum is in large deposits.

For the 60 s growth time, there are more platinum deposits on the surface due
to the longer growth time. This correlates with the voltammetric analysis,
showing that there is a larger surface area of platinum present with a longer
growth time, at 0.238 cm? for the 60 s growth time compared to 0.119 cm? for
the 30 s growth time. The density of particles for the 30 s growth time is
approximately 9 x 10° particles per cm?, and 4 x 108 particles per cm? for the
60 s growth time. This correlates with the voltammetric characterisation and
the SEM images, as even though the electrochemical area of platinum is larger
for the 60 s growth time, the deposits clump together into large growths, which

therefore means that there are less particles present.

From the analysis of this and the other potentials investigated (shown in the
appendix), the parameters for the deposition of platinum that give the largest
electrochemical areas can be obtained. All of the results to this point show
that the amount of platinum deposited increases as nucleation potential
decreases, down to -1800 mV. At -1800 mV the amount of platinum
decreases, due to the platinum being knocked off the electrode as the over
potential is too low and also due to the evolution of gas that will knock the
deposits off the surface. The amount of platinum deposited increases as the

growth potential is made more negative also, down to -200 / -300 mV growth
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potential; after this, the amount of platinum decreases once again. However,
despite a large surface area of platinum being deposited at these potentials,
when the SEM images are examined, there is an issue with them for the
application required here, i.e., large deposits with a variable size. For this
reason, templated platinum nanoparticles were investigated also, and each
type will be tested for the DNA detection.
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Figure 3.7: Scanning electron micrograph (SEM) images of gold electrodes
after electrochemical deposition of platinum using the double
pulse potential method. Platinum had been deposited onto
unmodified gold electrode with a nucleation potential of -1600
mV for 20 ms and a growth potential of -200 mV for 30s (A), and
a nucleation pulse of -1600 mV for 20 ms and a growth potential
of -200 mV for 60 s (B).
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3.2.3.2 Control of Nucleation and Growth using Double-Pulse
Method on Self-Assembled Monolayer Modified Gold Disc
Electrodes

As growing platinum on bare gold electrodes did not give the optimum platinum
nanoparticles required, i.e., size monodisperse and highly electrocatalytic,
platinum was then deposited onto electrodes that had been modified with a
self-assembled monolayer, as described in Section 2.3.2. These monolayers
had defect sites into which the platinum was nucleated and when the growth
pulse was applied, the platinum should grow from the nucleation sites, through
the defects of the monolayer, and over the top of the monolayer into a
hemispherical shape. The exact same potentials were used here as were
used to deposit onto the non-templated electrode. Shown in this section are
the results from depositing the platinum using a nucleation pulse of -1600 mV
for 20 ms and a growth pulse of -200 mV for 30 and 60 s. This was chosen as
a direct comparison to the template free data presented above. Also as these
were the parameters determined to be optimum for general platinum
deposition; this will be discussed further in this section. The results of the

other parameters investigated are included in the appendix.

3.2.3.2.1 Voltammetric Characterisation of Platinum Deposition on Self-

Assembled Monolayer Modified Gold Disc Electrodes

Figure 3.10 shows a CV of each step for the -1600 mV nucleation potential,
with the -200 mV growth potential for both 30 s and 60 s growth times; this
relates to the surface roughness factors and electrochemical areas shown in
Table 3.3.

The templated response shows features that are similar to those observed for
pristine electrodes. The amount of platinum deposited increases as the

nucleation potential becomes more negative, down to -1600 mV. The -1800
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mV nucleation potential gives very irregular electrochemical areas for each of
the growth potentials and times. Once again, this is attributed to gas bubbles
being formed during the deposition process, causing the platinum to come
away from the electrode. However, compared to the previous experiments
with the non-templated electrodes, the electrochemical area of deposited
platinum is less, as shown in Table 3.4. A reason for this is most likely due to
the dramatically lower gold area.

Similarly once again to the study on bare planar gold, the potentials that give
the most platinum deposition are the -1600 mV nucleation pulses, along with
the -200 / -300 mV growth pulses, for both the 30 s and 60 s growth times. By
looking at Figure 3.8, it is shown that when the self-assembled monolayer is
added, the gold oxide reduction peak at 0.8 V decreases as there is much less
gold available on the surface, only in the defect sites of the monolayer. Figure
3.8C shows that when the platinum is deposited the gold oxide reduction peak
decreases and nearly disappears, as the gold available in the monolayer
defect sites is now mainly covered with platinum nanoparticles. The platinum
oxide reduction peak appears at 0.3 V, and the water reduction peak at -0.4 V
is present when platinum is on the surface also. This correlates to the
corresponding electrochemical area values of the gold available on the
electrode and of the platinum deposited shown in Table 3.4. For the 60 s
growth time, after platinum deposition, the electrochemical area of the gold
oxide reduction peak decreases from 0.040 cm? with the monolayer, to 0.004
cm? with the platinum nanoparticles deposited. This shows that the gold is
almost completely covered by both the monolayer and the platinum
nanoparticles and there is minimal gold left bare. Figure 3.8D shows a CV
when the platinum is desorbed using a current jump. Following desorption the
electrochemical surface area of gold calculated from the gold oxide reduction
peak increases, showing that the platinum has mostly been desorbed from the
surface of the electrode. The gold oxide reduction peak is larger after
desorption; the electrochemical area after desorption is 0.055 cm? compared to
0.040 cm? before platinum deposition. This is due to the large current jump
that is applied during the desorption process, which leads to an increase the

surface roughness of the electrode surface.
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Looking at the platinum oxide reduction peaks in Figure 3.8 and the
electrochemical areas in Table 3.4, the increase in platinum deposition
correlates to the decrease in gold available. When the platinum was
deposited, the platinum oxide reduction peak could be observed in sulphuric
acid, and the electrochemical are is 0.236 cm? when it was grown for 60 s, as
the electrochemical area of the gold oxide reduction peak decreased to 0.004
cm®.  When the platinum is then stripped off, the electrochemical area
decreases to 0.003 cm?, and in Figure 3.8D shows that on the CV that the
platinum oxide reduction peak has greatly decreased in comparison to when it
was deposited. The minor platinum oxide reduction peak still visible after
desorption is most likely due to the platinum nanowire remains in the SAM

defect sites.

As the shape, size, and monodispersity of the nanoparticles are vital, SEM

images are investigated in the following section to ensure that this is the case.
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Figure 3.8: Cyclic voltammograms of: (A) 2 mm unmodified gold electrode,
(B) after deposition of a defective monolayer, (C) after
electrodeposition of platinum into the monolayer defects (D) after
the platinum nanopatrticles have been desorbed. In all cases the
supporting electrolyte was 0.1 M H,SO,. The voltammograms

have been displaced vertically for clarity of presentation.
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Table 3.4:

Comparison of the electrochemical area (E.A.) and surface

roughness factor (S.R.). values of the gold oxide and platinum

oxide peaks of a self-assembled monolayer modified gold disc

electrode, before and after platinum deposition of a 1mM

chloroplatinic acid hydrate solution in 0.5 M H,SO, into the defect

sites of the monolayer using the double step potential method,

and after desorption of the platinum nanoparticles, using a current

and a 600 mV growth pulse for 30 s and 60 s.

jump. A nucleation potential of -1600 mV is applied for 20 ms

Exp -1600 mV nuc pulse for 20 ms; | -1600 mV nuc pulse for 20 ms;
conditions | -200 mV growth pulse for 30 s | -200 mV growth pulse for 60 s
Au Oxide Pt Oxide Au Oxide Pt Oxide
Reduction Reduction Reduction Reduction
Peak Peak Peak Peak
E.A. S.R. | EA S.R. | EA. SR. | EA | SR
SAM
modified | 0.035 | 1.10 | 0.000 | 0.00 | 0.040 | 1.27 | 0.000 | 0.00
gold
electrode
After Pt
Deposition | 0.014 | 0.46 | 0.109 | 3.46 | 0.004 | 0.12 | 0.236 | 7.51
After Pt
Desorption | 0.061 | 1.95 | 0.003 | 0.09 | 0.055 | 1.75 | 0.003 | 0.11
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3.2.3.2.2 SEM Characterisation of Platinum Deposition on Self-Assembled
Monolayer Modified Gold Disc Electrodes

The platinum nanoparticles were grown onto gold slides, with the same
method that was used to deposit onto the gold disc electrodes, in order to view
the particles by SEM. Shown in Figure 3.9 are the images for the -1600 mV
nucleation pulse for 20 ms and the -200 mV growth pulse for both 30 s (Figure
3.9A) and for 60 s (Figure 3.9B). These parameters were chosen to be
presented here as they were determined to be the optimum parameters for
platinum deposition, for the type of nanopatrticles that are required for the DNA

assay.

Once again, the SEM images correlate with the voltammetric characterisation.
From the images it can be seen that the amount of exposed underlying gold
decreases greatly for the 30 s growth time, and decreases even further for the
60 s growth time and there is a large density of platinum nanoparticles present
on the surface. The density of particles deposited using the 30 s growth time
was determined to be 4 x 10° particles per cm?; for the 60 s growth time, the
density was 20 x 10% particles per cm?  This correlates with the
electrochemical area of platinum, as it is larger than the gold after deposition.
This is important as it shows that the platinum is growing upwards in a
mushroom shape, allowing for a larger area available. SEM images for the
comprehensive set of conditions investigated are reported in the appendix. In
summary, the platinum deposition followed the same trend indicated by the
voltammetry; the electrochemical area of platinum increases as the over
potential increased, from -1000 mV up — 1800 mV, where it then decreased.
For the growth potentials, the electrochemical area of the platinum deposited

increases as the overpotential increases again, up to approximately -200 mV.

By looking at the SEM images of all of the different parameters reported in the
appendix, it is clear that for a single nucleation potential, as each growth
overpotential is increased, the size of the nanoparticles produced does not
necessarily increase as expected. Surprisingly, it is the density of the

nanoparticles that changes, i.e., additional nanoparticles nucleate even at the
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growth potential. This allows great control when growing these particles, and
the size and density can both be tuned to what is required of the nanopatrticles.
This has been reported in literature previously also, and is due to gas evolution
and the stability of the nanoparticles when deposited.?*?® Only the larger
particles that are deposited are stable enough to survive some of the growth
potentials used.

For the DNA assay size monodisperse nanoparticles are desirable. In the next
section, the impact of desorption on the on the nanoparticles’ shape, size and
monodispersity is reported.
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Figure 3.9: Scanning electron micrograph (SEM) images of a gold electrode
after electrochemical deposition of platinum using the double
pulse potential method. Platinum had been deposited onto a self-
assembled monolayer modified gold electrode with a nucleation
potential of -1600 mV for 20 ms and a growth potential of -200
mV for 30s (A), and a nucleation pulse of -1600 mV for 20 ms and
a growth potential of -200 mV for 60 s (B).
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3.2.4 Characterisation of the Desorbed Platinum
Nanoparticles

Although the best parameters for the deposition of platinum is a very important
factor in this study, what is of even more importance in this case is the
structure/properties of the desorbed nanoparticles in solution. This is because
these nanoparticles have a dual function, i.e., electrocatalysis and molecular
recognition. On the exposed part of the particle when it is deposited, the probe
DNA is immobilised (Section 2.3.4.1). Then when desorbed, the particle needs
to retain its shape to then hybridise with the target DNA that is bound to the
capture strand immobilized on the electrode so as to allow electrocatalysis
from the clean underside from where it was desorbed. The desorption process
is explained in Section 2.3.5, and the nanoparticles are desorbed into 0.05 M
H.SO,. A low concentration of H,SO, is used, with the intention of making the
solution as close to water as possible, while keeping the acidity to allow ease

of desorption of the particles.

3.2.4.1 Characterisation of the platinum nanoparticles desorbed
from non-templated gold

3.2.4.1.1 Voltammetric characterisation of platinum nanoparticles desorbed
from non-templated gold

A freshly cleaned bare gold disc electrode was cycled in the suspended
platinum deposit solution to obtain a CV. Once again, the desorbed platinum
deposits from each nucleation and growth potential used in the sections above

were investigated.

Shown in Figure 3.10 are the results obtained when the platinum has been
deposited using the -1600 mV nucleation pulse for 20 ms and the -200 mV

growth pulse for 60 s.
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The platinum oxide reduction peak isn’t present when the gold electrode is
cycled in the suspension due to many complex processes occurring and
therefore not achieving a large enough current. It isn’t possible to directly
compare the deposits that are seen on the surface of the electrode to those
that are seen in suspension by cyclic voltammetry, as many factors have an
effect. It is likely that the deposits in suspension approach the surface,
undergo partial oxidation and leave, with no guarantee that they arrive at the
surface for a long enough period for complete oxide formation. Along with this,
it is not known exactly how many of the deposits are desorbed. As shown in
Figure 3.6, there is still some residual platinum left on the surface after the
deposits are removed. It is thought that this could be due to the stripping
process; as the platinum deposits are very polydisperse in both size, shape
and density, this means that they could break up during this process, as the
binding to the underlying gold electrode is strong. This also explains the larger
gold oxide reduction peak in Figure 3.6; as the surface of gold electrode is

roughened when the deposits are being desorbed.

This could indicate that the desorbed platinum deposits could be even more
polydisperse in shape and density when removed. However in the following

section, SEM imaging will be used to investigate this further.
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Figure 3.10: As Cyclic voltammograms of: (A) 2 mm unmodified gold
electrode, (B) bare gold electrode cycled in the desorbed PtNP
solution in 0.05 M H,SO,. The PtNPs were initially deposited
onto an unmodified gold disc electrode using a nucleation pulse
of -1600 mV for 20 ms, and a growth pulse of -200 mV for 60 s,
and were desorbed using a current jump. The voltammograms

have been displaced vertically for clarity of presentation.
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3.2.4.1.2 SEM Characterisation of Platinum Nanoparticles Desorbed from non-
templated gold

Figure 3.11 A and B show the SEM images of the desorbed platinum that was
deposited for 30 s and 60 s, respectively. Initially the platinum was deposited
onto unmodified gold disc electrodes and then desorbed into suspension. This
suspension was centrifuged and then dropcast onto the surface of the clean
gold electrodes and allowed to dry. These were then imaged to determine if
desorption causes any change in the physical structure of the deposits.

These platinum deposits can be directly compared to those in Figure 3.7, as
they were the deposits when initially deposited. What is clear is that the
deposits appear similar when desorbed. While the density of these desorbed
nanoparticle cannot accurately be compared to the density of the deposited
nanoparticles, the size and shape can be, as it is important that this is retained
after desorption. By comparing the images before and after desorption, the
platinum deposits appear to break apart due to strong binding to the gold

surface and therefore don’t retain their shape.

The particles are still very size polydisperse, large and irregularly shaped. This
trend is observed for platinum deposits created using the wide variety of
potentials and different deposition times and these results are included in the
appendix. This again is most likely due to the platinum deposits having strong
binding to the surface of the gold electrode, due to the large surface area of
the platinum on the gold. This therefore makes it harder to break this bond

during the stripping process, and hence breaks the deposits into suspension.

The types of particles presented here aren’t useful for the detection of DNA
strands when they are made in this way. This is as they are irregular in shape,
which would in turn make the functionalisation of DNA irregular also. This
could inhibit the hybridisation of target DNA strands, if the particle is irregular,
as DNA may stick into cracks etc. on the surface and the target strand may not
be able to reach it fully and therefore can’t hybridise, or the DNA may not be
able to assemble onto the particle appropriately. Hence, the size and shape of
these particles aren’t suitable for this purpose. Nanoparticles desorbed from a

SAM template are discussed in the next section.
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Figure 3.11: Scanning electron micrograph (SEM) images of gold electrodes
after dropcasting the centrifuged desorbed platinum deposits
onto the surface. Platinum had initially been deposited onto
unmodified gold electrode with a nucleation potential of -1600
mV for 20 ms and a growth potential of -200 mV for 30s (A), and
a nucleation pulse of -1600 mV for 20 ms and a growth potential
of -200 mV for 60 s (B).
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3.2.4.2 Characterisation of the platinum nanoparticles desorbed
from self-assembled monolayer templated gold

3.2.4.2.1 Voltammetric characterisation of platinum nanoparticles desorbed
from self-assembled monolayer templated gold

The same experiments described above were carried out with the self-
assembled monolayer templated nanoparticles. All of the same parameters
were used, except that the platinum was deposited into the defect sites of the
monolayer instead of across the electrode surface. A CV of a bare gold disc
electrode in sulfuric acid is compared with that of a bare gold disc electrode
cycled in the desorbed nanoparticle solution, shown in Figure 3.12. These
results are when the platinum was deposited with a nucleation pulse of -1600
mV for 20 ms, along with a growth pulse of -200 mV for 60 s. This growth
method was chosen as it was determined to be the best one for the DNA

detection application in the following Chapter.

Looking at Figure 3.12, there is a huge difference between these two CVs;
mainly the appearance of a large platinum oxide reduction peak at 0.3 V when
cycled in the desorbed suspension and the large water reduction peak at -0.4
V also. These both show that there is a large amount of platinum present in
the suspension. Although as explained above in Section 3.2.4.1.1, a direct
comparison cannot be made between this CV and when the platinum is initially
deposited onto the electrode due to the many different processes occurring
during this experiment. However, what can be determined is more platinum
may be present in this suspension than in the non-templated platinum
suspension, due to the larger current achieved and the large hydrogen

adsorption/desorption peak.

These results look promising for using the templated nanopatrticles for the DNA
detection assay, as it shows that the platinum desorbs and remains in
suspension. By using the self-assembled monolayer template, the shape of
the nanoparticles should be better than that found for deposition onto the bare
gold electrode; however SEM imaging will confirm this, and if the shape is

retained after desorption.
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Figure 3.12: Cyclic voltammograms of: (A) 2 mm unmodified gold electrode,
(B) bare gold electrode cycled in the desorbed platinum solution
in 0.05 M H,SO,4. The platinum was initially deposited onto a
self-assembled monolayer modified gold disc electrode using a
nucleation pulse of -1600 mV for 20 ms, and a growth pulse of -
200 mV for 60 s, and were desorbed using a current jump. The
voltammograms have been displaced vertically for clarity of

presentation.
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3.2.4.2.2 SEM characterisation of platinum nanoparticles desorbed from self-
assembled monolayer templated gold

Figure 3.13 A and Figure 3.13 B shows SEM images of platinum nanoparticles
that were initially grown into the defect sites on self-assembled monolayer
modified gold disc electrodes, using a -1600 mV nucleation potential for 20 ms,
followed by a growth potential of -200 mV for both 30 s and 60 s respectively;
these particles were then desorbed into suspension, centrifuged, and dropcast
onto the surface of the gold electrodes and allowed to dry. The corresponding

SEM images are shown below.

It is extremely clear that depositing the platinum into defects within the self-
assembled monolayer and desorbing them creates well defined nanopatrticles.
As explained previously, when the growth potential is applied, the particles
don’t always grow up from all of the nucleation sites; this varies depending on
the growth potential applied, and the stability of the nuclei on the surface. This
means that the density of nanoparticles can be controlled, along with the size.
This is shown with all of the other potentials and time investigated, which are
displayed in full in the appendix. However, for the DNA detection assay
application, a large density of nanoparticles is desirable which is what is
produced by the -1600 mV nucleation pulse for 20 ms, followed by the -200
mV growth pulse for 60 s. These give reasonably size monodisperse, high

density nanoparticles.

These platinum deposits are shown to retain their shape when desorbed from
the SAM modified electrode. This is due to the template; it allows the patrticle
to be attached to the surface by a narrow wire of platinum, which can easily be
broken by applying the current during the stripping process. In comparison to
the non-templated deposits, this is an advantage, as it allows a clean break
and a nicely shaped particle, as opposed to the size and shape polydisperse

particles found after the desorption of the non-templated particles.

These particles allow also for the nanoparticle to have a dual function, which

was also required for this application. When the platinum is grown through the

119



template, it continues over the top of the monolayer into a “mushroom” shape.
The top exposed layer can be functionalised prior to desorption, as these SEM
images show that the shape of the particles are kept post-desorption. This
leaves the exposed under side for catalysis, when the nucleic acid strand is
hybridised for detection. This application is shown in the next Chapter.
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Figure 3.13: Scanning electron micrograph (SEM) images of a gold electrode
after dropcasting the centrifuged desorbed platinum
nanoparticles onto the surface. Platinum had initially been
deposited onto self-assembled monolayer modified gold
electrode with a nucleation potential of -1600 mV for 20 ms and
a growth potential of -200 mV for 30s (A), and a nucleation
pulse of -1600 mV for 20 ms and a growth potential of -200 mV
for 60 s (B).
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3.3 CONCLUSIONS

The electrochemical deposition of platinum nanoparticles onto gold disc
electrodes was investigated. The influence of the applied potential was
examined by varying the potentials and examining the resulting nanoparticles.
It was found by applying a very large overpotential for a short time (20 ms),
followed by a longer growth pulse at a lower overpotential, allowed the size
and density of the nanoparticles to be controlled.

Two methods to control the size and density of the platinum nanoparticles
were investigated. The platinum nanoparticles were electrodeposited onto
bare gold disc electrodes, and also into defects within a self-assembled
monolayer formed on gold disc electrodes. By modifying the surface of the
electrode, nanoscale defects sites were formed on the surface within which the
platinum could be initially deposited and then grow over the edge of the
monolayer, forming mushroom shaped nanoparticles, which could be
advantageous for the DNA assay application of the platinum nanopatrticles that

is required here, as it separates the two functions of the nanoparticle.

The optimum parameters for creating a high density of size monodisperse
nanoparticles were investigated by using a wide range of potentials for both
the nucleation potential and for the growth potential, and also by varying the
length of the growth time. It was determined that the optimum nanoparticles
were obtained by applying a nucleation potential of -1600 mV for 20 ms, then
changing the potential to -200 mV and allowing the nanoparticles to grow for
60 s, on the self-assembled monolayer modified gold disc electrode. This high
nucleation potential at a short burst allowed the surface of the electrode to be
nucleated with the platinum, with a sufficient decrease in the diffusion zone
coupling to not increase particle size polydispersity. The longer growth pulse
at the lower overpotential allowed the nanoparticles to be grown up from these
nucleation sites. Many different nucleation and growth potentials were
investigated, and it was shown that by varying these parameters, along with

varying the growth times, the size and density of the particles could be
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controlled. This is because at different growth potentials, a different amount of
platinum particles will grow up from the nucleation sites. For the applications
demonstrated in later chapters, a high density of particles were needed, and
therefore these potentials were determined to be the best for this case.

The self-assembled monolayer template gave more structure to the
nanoparticle, which again benefits the later applications, as they can have a
dual function when functionalised on the top side with a nucleic acid, and have
the clean underside for electrocatalysis. Size monodisperse nanoparticles are
needed for electrocatalysis in a nucleic acid assay, as the electrocatalytic
current is proportional to the size of the nanoparticle. At low concentration of
nucleic acid, when there may be a small number of nanoparticles bound to the
electrode, if these patrticles are polydisperse in size, the electrocatalytic current
will be significantly varied, and therefore detection of low concentrations of

nucleic acids may not be accurate.

The advantages of using a template-free system are that it can be achieved
over a large area, and has a shorter fabrication process, as the SAM does not
need to grow. However, by using the SAM template, the particle size and
distribution is tighter, the particles are easier to desorb and retain their shape
after desorption, and they are asymmetric which is beneficial for applications.

The electrocatalytic efficiency of both particles will be looked at in Chapter 4.
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CHAPTER 4

ELECTROCHEMICAL DNA BIOSENSOR
BASED ON PLATINUM
NANOPARTICLES
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4.1 INTRODUCTION

The detection and quantitation of specific nucleic acid sequences continues to
grow in importance and as a field of increasing interest.™* The robust, low cost
detection of low concentrations of nucleic acid based biomarkers of disease or
specific mutations requires highly sensitive detection strategies to be
developed so that the disease can be detected before any clinical symptoms

appear.®

DNA and RNA can be important biomarkers of disease, i.e. they can be found
in body fluid or tissue when disease is present. A strong emphasis is now
being placed on the development of point-of-care devices which can determine
the concentration of these biomarkers in different sample matrices such as

blood, saliva, urine, etc.*

The DNA target of interest in this chapter is the gram positive bacterium
Staphylococcus Aureus, which is responsible for mastitis in cows, and a range
of other illnesses in humans, ranging from minor skin infections,® for example
cellulitis and cutaneous abscesses, scalded skin syndrome,s, pimples and
boils, to more serious infections such as meningitis,” pneumonia,’, toxic shock

syndrome®, food poisoning® and sepsis.

Symptoms of mastitis in cattle are abnormalities in the udder such as swelling,
redness and hardness, or in the milk such as watery appearance, flakes or
clots. Milk from cows with mastitis also has a higher somatic cell count (SCC).
Generally speaking, the higher the somatic cell count, the lower the milk

quality.” Current methods of detection include:*

e California Mastitis Test; this indirectly measures the SCC in milk by
breaking down the somatic cells and measuring the viscosity of the
released nucleic acids in proportion to the leukocyte number.

e Portacheck; this is an enzymatic reaction to determine the SCC.

e Fossomatic SCC; this uses optical fluorescence to determine the SCC.
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e Delaval cell counter; this also uses optical fluorescence to determine
the SCC but uses a different stain to do so.

e Electrical Conductivity Test; this measures the increase in conductance
in milk in relation to the increases level of ions present due to
inflammation.

e Culture tests; this identifies the different organisms involved in causing
mastitis.

e pH tests; the pH of milk rises due to mastitis.

e Enzymes; assays are used to detect enzymes which are present or

elevated due to mastitis.

A major disadvantage of these assays is that they are used to detect mastitis
in the milk, when milk has already been produced by the infected cow. By
developing a method to detect the DNA from the mastitis causing
microorganism when it is present in low concentrations in blood, perhaps even
before symptoms appear, treatment could begin earlier and could prevent loss

of income to the farmer by avoiding producing spoiled milk.

This chapter describes the development of a sensitive electrochemical sensor
for the detection of the single stranded DNA associated with the mastitis
causing pathogen Staphylococcus Aureus. Current methods of DNA detection
include PCR, gel electrophoresis and southern blotting.** These methods are
time consuming, labour intensive, expensive and require specialised
equipment, along with having low sensitivity. One of the main challenges in
creating an electrochemical detection platform is amplifying the biorecognition
events so that they can be easily detected. For example, metal nanoparticles

can be used to amplify the recognition event in DNA hybridisation.***

Previous work by our group reported hemispherical metal nanoparticles that
are regioselectively functionalised on one side with DNA can detect a target
strand of DNA at concentrations as low as picomolar without the need for
amplification, e.g., by PCR, of the target.”>'® Hemispherical gold nanoparticles
were obtained by laying a defective self-assembled monolayer on the
electrode before deposition, using a HRP label for DNA detection.

Hemispherical platinum nanoparticles have also been made and utilised in a
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similar manner. In contrast, the detection comes from the electrocatalytic
platinum nanoparticle label on the DNA instead of the HRP label. In this
chapter, the platinum nanoparticles that have been optimized in Chapter 3 are
used for electrocatalysis in order to improve the sensitivity and signal achieved
during DNA detection. As illustrated in Figure 4.1, in this model the capture
DNA strand is immobilised onto the gold disc electrode surface via a 5’ thiol
terminal on the DNA strand. The target DNA is complementary to a section of
the capture strand. The platinum nanoparticles are formed at a different
electrode, and regioselectively functionalised with probe strand DNA. When
the probe DNA functionalised nanoparticles are desorbed from the electrode
surface, the target DNA hybrid is exposed to the nanoparticle/probe DNA
suspension; as the probe DNA strand is complementary to the end of the
target DNA strand, a fully hybridised sequence is formed, with the platinum
nanoparticle at the end of the sequence. These binding events can then be

detected using hydrogen peroxide reduction at the platinum nanoparticle.*”*®

As the amount of platinum brought to the surface of the electrode depends on
the amount of target DNA present, the signal generated is proportional to the
target concentration. The objective is that the platinum nanoparticle increases
the detection sensitivity by amplifying the signal generated by the target
binding event. This is in contrast to current nucleic acid detection strategies
that amplify the nucleic acid itself, such a PCR or NASBA. By using a
hemispherical nanoparticle that is regioselectively functionalised, the two
functions of the nanoparticle are separated; the curved upper side is for
biorecognition and the underside is for signal generation. By separating the
two functions, it is intended that a larger electrocatalytic current is generated
because the peroxide does not have to move through the nucleic acid capture

strands.

The advantage of this approach is that it does not require nucleic acid
amplification, making it easier to incorporate into a point-of-care device that is
user friendly. It also means that this system should also be applicable to other

diseases, as it is not dependent on the specific target pathogen strand.
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4.2 RESULTS AND DISCUSSION

4.2.1 Electrode Formation and Characterisation

The target DNA concentration was determined by measuring the difference in
the electrocatalytic reduction current at the platinum nanoparticles, Ai, before
and after the addition of 2 mM hydrogen peroxide to a solution of
deoxygenated 0.01 M H,SO,.

Figure 4.2 shows an SEM image of this fully hybridised electrode at which the
assay is performed. In this case the target DNA concentration is 1 pM. Some
of the platinum nanoparticles are highlighted for clarity. This shows that there
are many binding events occurring on the electrode, and therefore there is a
large amount of platinum present on the surface for catalysis during the DNA
detection assay.
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Gold Electrode

Figure 4.1: Schematic diagram of platinum nanoparticle modified gold

electrode, hybridised with capture, target and probe DNA.
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€

Figure 4.2: SEM image of gold slide modified with platinum nanoparticles
which are immobilised to the surface via capture, target and
probe DNA hybridisation.
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4.2.2 Electrochemical Detection of DNA

The potential that is applied was -0.25 V which is obtained from a CV of
platinum; it is a point where there are no redox processes occurring, but at an
overpotential. The shape of the transient is due to Butler-Volmer kinetics; as a
highly negative overpotential is applied, the rate of the reaction increases. The
current will decay to almost zero after approximately 5 min. The initial current
was approximately 0.01 pA for each concentration; when 2 mM hydrogen
peroxide was added, the biosensor responded rapidly. Each concentration
reached a steady state current in 300 — 1200 s, depending on the target

concentration.

The current due to H,O, reduction is being measured here. The limiting factor
of the current is the radial diffusion of H,O, to the platinum nanoparticles. As
the H,0; is reduced at the platinum surface, a layer of diminished peroxide
surrounds the platinum. H,0O; in the bulk solution will diffuse to the platinum,
but this diffusion rate is very slow, at approx. 10° cm?s. This diffusion limits
the current and is what causes the transient to plateau. The magnitude of the
current is influenced by the area of platinum, which depends on the target
concentration as it is through complementary DNA hybridisation that the
platinum is brought to the electrode surface; therefore for higher

concentrations of target DNA, there is more platinum and a greater current.

For higher concentrations, a longer time is required for the current to plateau.
This could be due to the diffusion zones of the nanoparticles overlapping if the
particles are close together on the surface. This would mean that diffusion is
much less efficient than isolated nanoparticles, and it takes longer to reach

equilibrium.

However, the response time of this biosensor is still very fast. A steady-state
current is achieved in 20 min after H,O, injection, even for the highest
concentrations, which is a very quick response time. The implications of this
fast response time is of great benefit for point-of-care diagnostics, as the

biosensor could be used in clinical settings, without having to wait for lengthy
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amplification processes, such as PCR or NASBA which take hours to
complete.

Using a concentration range of target DNA from 1 pM to 1 aM the
electrocatalytic properties of the platinum nanoparticles towards H,O, was
investigated. The calibration plot of the semi-log concentration of DNA vs. Ai is
shown in Figure 4.4. The observation that the change in current increases with
log [DNA] rather than [DNA] suggests that the current response is influenced
by the H,0,, as well as the DNA concentration.

The calibration curve gives a sigmoidal response, which is characteristic of this
type of curve. There is an upper and a lower limit. The lower limit is the
concentration of target DNA, which in this calibration curve is 10 aM. The
upper limit depends on the area of the electrode available for the platinum
nanoparticles to fit onto the surface. This is not an issue in this instance, as
there is not enough target strands present to hybridise to all of the capture on
the surface to then make a complete monolayer of nanopatrticles. The current
generated is also a factor in this. As mentioned above, the current generated
is limited by the diffusion of the H,O,, so as more platinum nanoparticles are
hybridised to the surface, they have the ability to form aggregates, that are
microelectrode in size on the surface, and therefore the diffusion takes longer.
This accounts for the current not increasing in proportion to the target

concentration increasing.

However, the current still increases as the concentration increases over many
orders of magnitude. Each concentration is selective and has a large current
range between each concentration, as shown in Table 4.1; each concentration
has a significant current associated with it, varying from 2.84 to 0.54 mA. Even
at very low concentrations the standard deviations are low for three replicate
measurements involving three independently prepared electrodes. This is due

to the size monodisperse nanoparticles that are made in Chapter 3.
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Figure 4.3: Amperometric i-t curves for individual gold electrodes
functionalised with ss-DNA (1 uM capture strand, 1 pM probe
strand with platinum nanoparticle label, and varying
concentrations of target strand, as labelled). Potential applied is -
0.25 V in 0.01 M H,SO,. Difference in current response before

and after the addition of 2 mM H,O, is measured.
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Figure 4.4: Electrochemical detection of sequence specific S. Aureus
pathogen DNA concentration. The Y axis is the difference in
current before and after addition of 2 mM of H,O; (Ai). The applied
potential is -0.25 V in 0.01 M H,SO,. Where error bars are not
visible, they are smaller than, or comparable to, the size of the
symbols.
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Table 4.1: Change in current before and after the injection of H,O, for varying
concentrations of target DNA.

Concentration of Log [DNA] Average Ai (mA) | Standard

target DNA (M) Deviation
1.00E-18 -18 0.54 0.06
1.00E-17 -17 0.59 0.01
1.00E-16 -16 0.74 0.02
1.00E-15 -15 0.90 0.14
1.00E-14 -14 1.10 0.12
1.00E-13 -13 1.24 0.14
1.00E-12 -12 1.42 0.15
1.00E-11 -11 1.87 0.03
1.00E-10 -10 2.17 0.11
1.00E-09 -9 2.38 0.14
1.00E-08 -8 2.54 0.21
1.00E-07 -7 2.69 0.16
1.00E-06 -6 2.84 0.09
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4.2.2.1 Control Experiments

Various control studies were also carried out. Shown in Figure 4.5 is a
calibration curve of the full electrode (as Figure 4.4) and also the calibration
curve which used platinum deposits that were initially deposited onto a bare
unmodified gold disc electrode; i.e. platinum nanoparticles that were also
studied in Chapter 3. Using regioselectively functionalised, hemi-spherical
platinum nanoparticles clearly generates a much larger signal. This biosensor
is ten times more sensitive than the non-templated platinum nanopatrticles.
While a significant current is achieved by using these nanoparticles, the
dynamic range isn’t very large; the change in current increases from 0.34 to
0.83 from 1 aM to 1 uM concentrations, which doesn’t give much resolution
between each concentration. The reason for the decrease in sensitivity
between the two different types of particles is due to the size and shape of the
non-templated deposits. As explained in Chapter 3, when platinum is
deposited directly onto the gold electrode, the deposition process isn’t
controlled and therefore large masses of platinum are formed. These masses
are much less catalytically efficient than the regioselectively functionalised
hemispherical particles, due to the size polydispersity as shown in Chapter 3.
Hence there is less of a current change during detection. By only
functionalising the top curved side of the particle with probe DNA, and leaving
the clean underside to be bare for catalysis, the particle has a dual function

that is clearly separated, allowing for a more sensitive biosensor.
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Figure 4.5: Electrochemical detection of sequence-specific S. Aureus
pathogen DNA concentration; (¢) represents a full electrode; (m)
represents an assay with platinum initially deposited onto an
unmodified gold disc electrode. The Y axis is the difference in
current before and after addition of 2mM of H,0O, (Ai). Potential
applied is -0.25 V in 0.01 M H,SO,4. Where error bars are not
visible, they are smaller than, or comparable to, the size of the
symbols.
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Figure 4.6 shows a comparison of the i-t curve of the complementary
hybridised ssDNA electrode with 1uM of target DNA and labelled with the
regioselectively modified platinum nanoparticles, with the i-t curve of a gold
disc electrode that is modified with the complementary hybridised DNA with a 1
UM of target DNA, without any platinum nanoparticle labels. There is a
significant difference in these i-t curves, as there is no platinum present. Even
the initial current before the addition of the peroxide is significant lower, due to
no background current being produced from the platinum particles. The only

current is coming from the underlying gold disc electrode, which is negligible.

Figure 4.7 compares the calibration curve of the fully complementary
hybridised electrode that has hemispherical regioselectively functionalised
platinum nanoparticles brought to the surface via target DNA hybridisation, to
that of an electrode without any platinum nanoparticles, but with varying
concentrations of the target DNA strand. As mentioned, the catalytic current in
this case arises from the underlying, DNA-modified gold electrode. As
expected, when the probe strand is not labelled, it's hybridisation to the target
strand does not produce a large current, and it does not vary between different
concentrations, as the amount of target present on the electrode surface would
not affect the catalytic activity when the probe strand that it is hybridising to is
unlabelled. The sensitivity of the gold disc electrode, modified with unlabelled
DNA is almost 100 times lower than that of the hemispherical platinum
nanoparticle assay. This reflects the poor electrocatalytic properties of the

unlabelled DNA modified gold disc electrode.
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Figure 4.6: Amperometric i-t curve for a gold disc electrode functionalised with
complementary ssDNA strands with a target DNA concentration
of 1 uM and labelled with platinum nanoparticles (black line); and
for a gold disc electrode functionalised with complementary
ssDNA strands with a target DNA concentration of 1 uM, with no
platinum label (green line). Potential applied is -0.25 V in 0.01 M
H,SO,. Difference in current response before and after the

addition of 2 mM H,0; is displayed.
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Figure 4.7: Electrochemical detection of sequence-specific S. Aureus

pathogen DNA concentration; (#) represents a full electrode; (A)
represents an electrode with no platinum. The Y axis is the
difference in current before and after addition of 2mM of H,0,
(Ai). Potential applied is -0.25 V in 0.01 M H,SO,4. Where error
bars are not visible, they are smaller than, or comparable to, the

size of the symbols
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Investigations were carried out to probe the non-specific adsorption of the
assay and to demonstrate the need for each hybridisation step; the results are
displayed below in Figures 4.8 and 4.9 in bar chart format. Figure 4.8 shows a
comparison of the fully hybridised electrode with regioselectively functionalised
hemispherical platinum nanoparticles to various mismatches where the target
concentration used is 1 UM while. Figure 4.9 shows the results where the
concentration of the target strand of DNA is 1 pM.

Figure 4.8 (b) shows a decrease of approximately 97 % in the current between
the assay using hemispherical, regioselectively functionalised platinum
nanoparticles, and the assay carried out on the electrode when the
nanoparticles have been desorbed. This shows that even after the desorption
process is carried out on the electrode, there may still be some platinum
present on the surface of the electrode. This has been shown by previous
results in Chapter 3 also, so the change in current shown here in somewhat
expected. As mentioned previously, the platinum nanowire that grows through
the monolayer is the point at which the hemispherical nanoparticle should
detach from the electrode surface during the desorption process, so it would
be expected that this nanowire of platinum would remain on the surface of the
electrode. This is what is giving the change in current when the peroxide is

added to the solution.

Figure 4.8 (c) compares the signals obtained when the DNA functionalised
deposits are desorbed from an unmodified, non-templated gold electrode
surface, i.e. with no monolayer present. This has been shown in a calibration
curve in Figure 4.5, however in this format the difference is just as apparent.
There is a 70 % decrease when non-templated platinum nanoparticles are
used, at a 1 uM target DNA concentration. Figure 4.9 (c) shows the same
experiments but using a 1 pM concentration of target DNA. At this
concentration there is a 61 % decrease in the change in current from the full
electrode. This difference is due to the platinum nanoparticles not being
templated when they are initially deposited, and hence they are clustered
together and not regular in size or in shape. This shows that these non-
templated nanoparticles aren’t as suitable for DNA detection, as they give a

much lower signal than the templated nanoparticles.

145



Figure 4.8 (d) compares the signals obtained for the DNA detection when there
are no platinum nanopatrticles present, as shown also in the calibration curve in
Figure 4.7. For the 1 uM target concentration, there is a 98 % decrease in
comparison to the full electrode. In Figure 4.9 (d), for a 1 pM target DNA
concentration, there is a 97 % decrease when the platinum nanoparticles are
omitted from the assay. The signal that is achieved here could be described
as the background signal for this system, as it shows that there is very little
catalysis of peroxide by just the underlying gold electrode, and by incorporating
the nanopatrticles into the biosensor, there is a massive enhancement for DNA
detection, showing that it is the platinum nanoparticles that catalyse the

peroxide and are required for accurate analysis.

Figures 4.8 and 4.9 (e) - (g) show how the biosensor is affected by removal of
one of the strands of DNA, for 1 uM and 1 pM target DNA concentration

respectively.

Figure 4.8 and 4.9 (e) show the change in current when the bare gold
electrode is exposed to the target DNA strand. The change in current here is
negligible and is attributed to a very limited degree of electrocatalysis occurring
at the bare, underlying gold disc electrode. This low background when the
nanoparticles are absent is significant since it is the signal-to-noise ratio rather
than the absolute magnitude of the response that is important for ultrasensitive
detection. The current is low because target DNA can only physisorb onto the

surface of the electrode.

Similarly in Figure 4.8 and 4.9 (f), the probe and platinum nanoparticles are
both omitted from the assay. In this case the target DNA strand can hybridise
to the capture DNA strand that is bound to the electrode via a thiol bond.
However, as mentioned previously, it is the platinum nanoparticles that
generate the electrocatalytic current, so when they are omitted, there is
minimal change in the current for the DNA detection. This is true for both the 1
UM target DNA strand and for the 1 pM target DNA strand.

In Figures 4.8 and 4.9 (g), there is no target DNA strand present; the bare
electrode is functionalised with the thiolated capture strand, and is then

exposed to the probe-platinum nanoparticles suspension. As the probe strand
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immobilised on the platinum nanoparticles is not complementary to the capture
DNA strand on the electrode surface, they are not expected to hybridise.
Hence, even though the electrode is exposed to platinum nanoparticles, they
are not brought to the surface via DNA hybridisation and therefore give a
negligible change in current when compared to when they are attached to the
surface of the electrode. This result is significant since it indicates that non-
specific adsorption is not a significant issue in this system.

These results are very promising as they show that the assay using the
regioselectively functionalised hemispherical platinum nanopatrticles is
extremely selective to any changes to the fully complementary target DNA
strand.
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Figure 4.8: Comparison of the change in current of (a) a fully hybridised
electrode with hemispherical regioselectively modified platinum
nanoparticles; (b) the electrode from which the platinum has been
desorbed by a current jump; (c) a fully hybridised electrode with
non-templated platinum deposits; (d) without the platinum label;
(e) electrode with target DNA; (f) electrode without the probe and
platinum nanoparticle label; (g) without the target DNA.
Concentration of capture, target and probe DNA strands are 1
MM. Concentration of H,O, added is 2 mM. Potential applied is -
0.25Vin 0.01 M H,SO,.

148



(o)}

(@)

!_Ai/m,_g

0.8

0.6

0.4

0.2

Figure 4.9: Comparison of the change in current of (a) a fully hybridised
electrode with hemispherical platinum nanoparticles; (b) the
electrode from which the platinum has been desorbed; (c) a fully
hybridised electrode with non-templated platinum deposits; (d)
without the platinum label; (e) electrode with target DNA; (f)
electrode without the probe and platinum nanoparticle label; (g)
without the target DNA. Concentration of capture and probe DNA
strands are 1 pM. Concentration of target DNA is 1 pM.
Concentration of H,O, added is 2 mM. Potential applied is -0.25
Vin 0.01 M H;SO.,.
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4.2.3 Comparison of Regioselectively Functionalised
Platinum Nanoparticles to Uniformly Functionalised
Commercial Platinum Nanoparticles

In order to investigate the impact of regioselective functionalisation of the
nanoparticles on the DNA assay performance, spherical platinum nanoparticle
that were 63 nm £ 5 nm in size were uniformly functionalised with probe DNA

and tested in the same way to the electrochemically grown particles.

The uniform platinum nanoparticles were functionalised with the probe strand
DNA to form a DNA layer on the surface of the nanoparticle. All other
parameters were as before and explained in Chapter 2; the target DNA
concentration range was from 1 pM to 1 aM, the incubation times and the

experimental parameters remained the same.

Figure 4.10 illustrates the difference between the DNA detection currents for
the regioselective, electrochemically deposited platinum nanopatrticles, and the
uniformly  functionalised platinum nanoparticles. As shown, the
electrochemically deposited platinum nanoparticles generate a larger current
for a given concentration of DNA. The regioselectively functionalised
nanoparticles have a change in current of up to four times greater than that for
the uniformly functionalised nanoparticles, at the highest concentrations, as
shown in Table 4.2. While an acceptable linear response is observed for
concentrations from 1 uM to 1 aM, and a significant change in current is
generated for these uniform particles, the current change isn’'t as wide as for
the hemispherical particles. Significantly, the average change in current varies
from 0.67 pA to 0.41 pA from the 1 uM to 1 aM, i.e., the response is very
insensitive to the target concentration. Because the values are so close
together, an accurate detection would be much harder to achieve and a highly
reproducible response at each concentration is required. However, the system
is reproducible, as shown by the low standard deviation and small error bars.
The lower electrocatalytic currents and analytical sensitivity observed suggests

that while the DNA layer is sufficiently porous to allow the hydrogen peroxide
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access to the surface of the platinum nanoparticle, electrocatalysis is relatively
less efficient.

The sensitivity of the response using the regioselectively modified
hemispherical platinum nanoparticles is over an order of magnitude better than
the uniformly modified spherical nanoparticles, due to more efficient
electrocatalysis at the bare underside of the hemispherical particles. Thus, the
physical separation of the two functions of the nanoparticles, i.e. the molecular
recognition where the DNA is functionalised on the curved upper side of the
nanoparticle, and the signal generation, where the electrocatalysis occurs on
the bare underside of the particle when desorbed, leads to a significant

improvement in the overall analytical performance of the assay.
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Figure 4.10: Comparison of the amperometric DNA detection between

regioselective, electrochemically deposited PtNPs (#) and uniform
PtNPs (m), both functionalised with DNA corresponding to the
pathogen, S. Aureus. Electrolyte is 0.01 M H,SO,. Target
concentrations range from 1 uM to 1 aM. Concentration of H,0,
is 2 mM. Potential applied is -0.25 V. Where error bars are not
visible, they are smaller than, or comparable to, the size of the

symbols
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Table 4.2: Change in current before and after the injection of H,O, for varying
concentrations of target DNA when labelled with uniformly
functionalised spherical nanoparticles.

Concentration of | Log [DNA] Average Ai (mA) | Standard

DNA (M) Deviation
1.00E-18 -18 0.41 0.06
1.00E-17 -17 0.43 0.04
1.00E-16 -16 0.47 0.04
1.00E-15 -15 0.48 0.04
1.00E-14 -14 0.50 0.04
1.00E-13 -13 0.52 0.05
1.00E-12 -12 0.53 0.04
1.00E-11 -11 0.54 0.05
1.00E-10 -10 0.56 0.04
1.00E-09 -9 0.57 0.04
1.00E-08 -8 0.59 0.02
1.00E-07 -7 0.62 0.02
1.00E-06 -6 0.67 0.03
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4.3 CONCLUSION

In conclusion, hemispherical platinum nanoparticles were produced by
electrodeposition within a defective monolayer on a gold disc electrode. A
double potential step electrodeposition method was used which allowed
nucleation sites to form when a large overpotential was applied for 20 ms.
Following this, a longer growth pulse was applied at a lower overpotential so
the nanoparticles could grow at a steady rate up from the nucleation sites.

This created size monodisperse nanoparticles.

Prior to desorption, the rounded top side of the platinum nanoparticles was
functionalised with thiolated probe strand DNA complementary to that found
within S. aureus mastitis. The DNA modified nanopatrticles were then released
by applying a fixed current which is thought to melt, by resistive heating, the
nanowire connecting the particle to the surface of the electrode through the
monolayer defect sites. This released the nanoparticles into suspension
without damaging the adsorbed DNA since the time constant for particle

release is shorter than that for DNA desorption.

When the target DNA strand is labelled with the platinum nanoparticle via
probe DNA hybridisation, it then can form a sandwich assay by hybridisation
with the complementary capture DNA strand that is immobilised on to a clean,

bare gold disc electrode via a thiol group on the capture strand.

The current associated with the reduction of hydrogen peroxide at the platinum
nanoparticles varies linearly with the target DNA concentration between
concentrations of 1 aM and 1 uM. There is wide dynamic range, with each
concentration being resolved with excellent reproducibility, (typically 2 — 15 %)

even at the lowest concentrations.

When compared to platinum nanoparticles that are formed without the
monolayer defect template, the sensitivity of the hemispherical, templated
nanoparticles are over an order of magnitude larger, showing that the template

gives more electrocatalytic nanoparticles, grown with more control than without
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the template, so that they are size monodisperse is this reflected in the low
concentration reproducibility. They also have the clean bare underside to the
particle for the hydrogen peroxide catalysis to occur. However, the fabrication
process for the templated particles is longer. When the platinum label is
removed completely, the sensitivity decreases further by an order of
magnitude, showing that the platinum is necessary for the electrocatalytic
reduction and change in current. The biosensor is also extremely selective
and has low non-specific adsorption, with each step able to discriminate

against interferences with excellent accuracy, as there is minimal current.

Regioselectively functionalised hemispherical nanoparticles are also more
efficient for DNA detection, when compared to commercial, spherical, uniformly
functionalised platinum nanoparticles. Once again, the sensitivity is over an
order of magnitude larger for the electrochemically deposited platinum
nanoparticles. This shows that by physically separating the two functions of
the nanopatrticles, i.e. the molecular recognition and the electrocatalysis, the

analytical performance increases.

The application of the platinum nanoparticles to the reduction of hydrogen
peroxide demonstrates that the nanoparticle surface can be functionalised
using thiolated DNA, which can further be used to detect a target DNA
pathogen strand. Furthermore, the larger surface area of the nanopatrticles
make then ideal for adsorption of many biomarkers, such as enzymes, protein
and RNA, not just DNA strands.
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CHAPTER 5

MICROFLUIDIC DISC FOR
ULTRASENSITIVE DETECTION OF miRNA
USING ELECTROCATALYTIC PLATINUM
NANOPARTICLES
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5.1 INTRODUCTION

As discussed previously, biomarkers are increasingly seen and used as non-
invasive tools to support diagnosis, prognosis and treatment decisions for
disorders of the central nervous system."® For many situations, a rapid, point-
of-care/use sample-to-answer device that is capable of taking a blood, or
minimally processed sample, is highly desirable. This Chapter reports on the
development of a centrifugal microfluidic device for the detection of a miRNA

biomarker that is important in epilepsy.

Epilepsy is a common neurological disease. It is characterised by an enduring
predisposition to generate epileptic seizures.*® Seizures can be highly
unpredictable for many patients. Diagnosis can also be challenging and can
rely heavily on clinical examination and history alone. The primary tool used
for prognosis in newly diagnosed epilepsy has been the
electroencephalogram, which is invaluable but also costly and technically
demanding. Also, in patients whose electroencephalogram demonstrates no
evidence of epileptiform activity, they face a high level of uncertainty as to their
diagnosis and future after an unprovoked seizure. Identifying a biomarker
associated with epilepsy in biofluid such a blood, urine or cerebrospinal fluid,
would vastly improve the diagnosis, prognosis, care and treatment of the
patient.® Many efforts have been focussed on areas such as antibodies to
neuronal antigens, infectious markers, inflammatory markers, white blood cells
and associated cell adhesion molecules paediatric syndromes, and treatment-
related biomarkers; however these have been largely unsuccessful and have

presented varying challenges.®

A promising class of biomarkers for epilepsy are microRNA.” MicroRNA
(miRNA) are small, 18-25 nucleotide-long, non-coding RNA molecules that
regulate protein function in cells post-transcriptionally.2® A number of miRNA
have been found to be unigue to the brain, including miR-134, which is a key

10,11

component in the response to neuronal activity. Recent studies reported

upregulation of miR-134 in rodent and human epilepsy and have shown that
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silencing miR-134 had long-lasting seizure-suppressive effects in mice.'**®

Recent work has also shown the altering miRNA levels in blood following
seizures in rodents,' and in epilepsy patients.*

This shows that the analysis of the miRNA content in biofluids of epilepsy
patients may support diagnosis, predict seizures or treat the patient effectively.

Previous work has shown that miR-134 can be detected from serum samples
and show highly linear correlation with Tagman-based PCR.™® A huge
advantage of this is that the miRNA can be detected without the need for
amplification involved in PCR, leading to a much simpler and quicker detection
method. In the method reported here, platinum nanoparticles are
regioselectively labelled with probe strand miRNA complementary to the
miR134 target in a nucleic acid sandwich assay. The platinum nanopatrticle is
brought to the surface of the electrode via miRNA hybridisation complementary
to the target. The target concentration is detected by the current associated

with the reduction of hydrogen peroxide at the electrode surface.

In order to further improve this, a point-of-care method of analysis is required,
to detect epilepsy biomarkers as a routine detection strategy in a clinical

setting.

Centrifugal platforms for bioanalytical assays have been investigated for more

17,18

than 40 years. Centrifugal microfluidic platforms offer many advantages

over chip-based microfluidic systems, including:

- A minimal amount of instrumentation is needed for movement of fluid,
and no external pumps are required. This therefore allows the entire
network to be contained within the disc.

- Inexpensive materials such as polycarbonate or poly(methyl
methacrylate) can be used to mass produce the discs. These can also
be manufactured so that they can be disposed of in an economical
manner.

- Centrifugal pumping is not dependant on physicochemical properties of
the fluid, such as pH, ionic strength or chemical composition. This

allows many different types of fluids to be successfully pumped through
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a microfluidic centrifugal platform, such a blood, mucous, urine or
milk.*®

Centrifugal platforms have been developed for different nucleic acid detection.
However, many of these require the nucleic acid to be amplified by methods
such as PCR®#, LAMP? and RCA #. These have some disadvantages
though, as they require thermal cycling, can have large background noise,
complicated primers required for amplification, and can sometimes give false

positives.?*

In this chapter, electrocatalytic platinum nanoparticles are functionalised with
probe strand miRNA that are complementary to a particular region of the
target, miR-134, and are used to detect this target strand without PCR
amplification of the target. Thiol terminated probe strand miRNA are
immobilised onto spherical platinum nanoparticles and these are pre-loaded
into a microfluidic disc, along with the target miRNA, miR-134. Capture miRNA
that is complementary to part of the target miRNA are immobilised via thiol
bonding to a bare gold electrode, and is assembled into a microfluidic disc.
Using a triggering system, and by controlling the force at which the disc is
spinning on an experimental spin stand, the pre-loaded target miRNA and
probe-functionalised platinum nanoparticles can be released at specific times,
for a specific duration, in order to expose the capture strand functionalised to
each step, to attach the electrocatalytic particles to the electrode surface, via
the target miRNA hybridisation. When the electrode is fully functionalised,
electrochemical detection is carried out on the disc, by connecting the external

contact of the electrode to a potentiostat.
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5.2 RESULTS AND DISCUSSION

5.2.1 Microfluidic Disc

5.2.1.1 Disc design and assembly

The design of this disc was based off previously published centrifugal
microfluidic discs that developed the method of using dissolvable film (DF) tabs
to allow event triggered flow of the fluid through the device.”®*® The designing
of each layer was carried out in solid works by Eadaoin Carthy and David

Boyle using CAD software.

The microfluidic discs were assembled using nine layers in total - four layers of
poly(methyl methacrylate) (PMMA) and five layers of pressure sensitive
adhesive (PSA). Larger voids such as reservoirs and vents were machined in
PMMA layers using a CO; laser cutter (Epilog Zing, USA). PMMA layers were
0.5 mm, 1.5 mm or 2 mm thick. Small features such as microchannels and
lower channels were created from voids cut out in PSA using a knife-cutter

(Graphtec). The layers used were as follows:

- Layer 1: Vents (1.5 mm PMMA).

- Layer 2: Microchannels (PSA).

- Layer 3: Reservoirs (1.5 mm PMMA).

- Layer 4: Dissolvable Film, DF cover (PSA).
- Layer 5: DF Support (PSA).

- Layer 6: Midlayer (0.5 mm PMMA).

- Layer 7: Lower Channels (PSA).

- Layer 8: Electrode Cover (PSA).

- Layer 9: Base (2 mm PMMA).

These layers are shown in Figure 5.1 in a cascade format, to view each layer
of disc. Figure 5.2 is a photograph of the top view of the disc and Figure 5.3

shows a labelled image of each chamber.
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Layer 1

Layer 9

Figure 5.1: Exploded view of disc assembly. The grey layers are PMMA. The

green layers are PSA.
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Figure 5.2: Image of fully assembled microfluidic disc with integrated
electrodes.
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Figure 5.3: Labelled section of disc. Chamber (i) — (iv) are preloaded with (i)
target miRNA strands, (i) PBS wash step, (iii) PtNP labelled
probe miRNA strands, (iv) PBS wash step/electrolyte. Chamber
(v) is the electrode chamber with ITO reference, gold working
electrode and gold counter electrode. Chamber (vi) is the waste
chamber, with an overflow system implemented at (vii) and (vii);
these contain DF tabs. (ix) is the siphon between the electrode
chamber and the waste chamber. Labelled at (X) are the vents

for the electrode chamber.
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The device was designed to allow the preloading of the chambers, (i) — (iv);
two vents were placed at the top of each chamber, one to inject the sample
prior to spinning, the other to relieve the air pressure when the fluid was being
injected, so the air or fluid wasn’t pushed through the channels. A vent was
also placed above the electrode chamber (v) to allow the injection of peroxide.
A vent was placed at the end of the waste chamber (viii) to relieve the air
pressure when the fluid entered the waste chamber.

A major issue in the design of the device was gas evolution when the hydrogen
peroxide was added into the electrode chamber (v). Gases are produced
during hydrogen peroxide reduction (oxygen and hydrogen gas), and as the
volume of the electrode chamber is small, if there are no vents for the gas to
escape from the chamber, the fluid will be pushed out and no electrochemical
detection can be carried out. This occurred during testing of the device and
vents and channels were placed in different areas of the disc to attempt to
alleviate the pressure. A wide channel with a vent was placed from the top
right corner of the electrode chamber initially. However this did not have any
affect as the entry to the channel in the electrode chamber was too far from the
working electrode where the gas evolution was occurring. Vents were places
above the electrode chamber, so no channels were needed and the gas could
be released as soon as it was produced. However, this caused some leaking
issues from the electrode chamber as the fluid inside it could spill out if the disc
was tilted and spun. The optimum vents were eventually placed below the
electrode chamber, with short channels leading from the chamber to the vents
(labelled as (x) in Figure 5.3). The entrance to the vents in the electrode
chamber was above the electrode, so the gas could pass straight into the
channel and out the vent. When the peroxide was injected into the electrode
chamber via the injection vent on the top left of the chamber, a piece of tape
was placed over this opening; this ensured that the gas produced would only

escape from the vents and channels designed for it.

A siphon was used between the electrode chamber and the waste chamber,
shown at label (ix) in Figure 5.3. This was used to prevent the fluid from
flowing from the electrode chamber to the waste chamber prematurely, to allow

sufficient incubation time. When the disc is spun on the spin stand at a high
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spin rate, the fluid cannot rise above the curve in the siphon channel as the
centrifugal force is stronger than the capillary force.?”*® By slowing down the
spin rate, the capillary force is then able to surpass the centrifugal force, which
allows the fluid to prime the sample so it can flow into the waste chamber,

when required.

The dissolvable film (DF) tabs used here are made of polyvinyl alcohol (PVA),
and attached to double sided PSA to create adhesive tabs. Two different
shapes were used, circular and slot shaped. The circular tabs were used for
the load film (LF) at the sample chambers (i) — (iv). The slot-shaped tabs were
used for the control film (CF) at the waste chambers.

The valving technology used here, uses the arrival of a liquid at one location to
prompt the release of another liquid at another, distant location on the disc by
a connecting pneumatic channel. This enables the multi-step fluid handling
sequence that is required to make the sandwich assay used for the nucleic
acid detection. An overflow system was implemented in the waste chambers
also; this means that only when the second sample chamber (ii) has emptied
into the waste chamber, it then flowed into the overflow part of the waste
chamber (vii), which contains a CF. When this CF was wetted, it vented the
pneumatic channel (Lower channels, Layer 7) permitting the sample chamber
(i) to advance, and wet and dissolve the LF. This liquid could then flow into
the electrode chamber. When this pneumatic chamber (iii) was vented, the
liquid can only flow into the electrode chamber and not back through the
venting channel into the waste; this was achieved through a physical barrier by
extending the microchannels linking the CF and LF (lower channels, layer 7)
radially inward of the fluid in the sample chamber; this forces the fluid into the
electrode chamber. The full triggering system is explained in the following

section also.

The discs were aligned using an assembly jig. Previously prepared DF tabs
were placed in the Layer 5 (DF support) and covered by Layer 4 (DF cover).
Between each assembly step, the discs were rolled using a temperature-
controlled lamination press (Hot Roll Laminator, Chemsultant Int., US) to

ensure proper sealing.
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Many types of glue were tested to glue the electrodes into the raster base.
These included super glue, araldite, and Loctite adhesives. However due to
their composition, many of the glues tried cracked the base which then caused
leaks, or did not dry correctly causing the electrodes to crack or give a “tacky”
finish. The glue that worked most efficiently was the 3M spray adhesive glue.
This was used to glue the electrodes into the rastered base. Four sets of three
electrodes were assembled into each base; gold on silica slides as the working
and counter electrode and ITO as the reference electrode. The gold
electrodes were cleaned by washing with ethanol and deionised water, and
dried under a steady stream of nitrogen. Prior to assembly, the working
electrode was functionalised with the capture miRNA strands. To glue the
electrodes into the rastered base, the base was first cleaned with isopropanol
and dried under nitrogen. A thin layer of glue was applied using a pipette tip to
the edges of the raster base where the electrodes slot in. The top of the
rastering was avoided as much as possible, as this is the area of the
electrodes that is in the electrochemical cell when the nucleic acid detection is
being carried out, and if glue were to get onto the surface of the electrode it
would affect the results. The electrode were placed into the rastered base
using tweezers and gently pushed into position, avoiding the top of the
electrode where the detection occurs. The PSA electrode cover was heated
prior to gluing to 700C. Once all of the electrodes were glued into place, this
layer was taken from the oven and immediately placed onto the base, over the
electrodes. By heating this layer, the PSA melted slightly, allowing it to mould
onto the base and electrodes, filling in any possible gaps. The top of the disc
was then applied to the base and rolled under the pressure roller slowly to
seal. The whole disc was then clamped overnight under the roller to allow the
glue to dry.
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5.2.1.2 Triggering System of Microfluidic Disc

Once the disc was assembled, the four sample chambers (i) — (iv) were
preloaded; (i) contained the target miRNA strand of varying concentrations, (ii)
contained a PBS wash step, (iii) contained the platinum nanoparticle labelled
probe miRNA strands, and (iv) contained the PBS wash step/electrolyte.

The disc was mounted on an experimental spin stand.?*?**® The discs were
spun on a computer controlled motor. A stroboscopic light source, a sensitive,
short exposure time camera and the motor are synchronized using custom
electronics and visualise the hydrodynamics on the rotating disc. Due to the
software used, images are acquired as single files at a rate of ~6 Hz. Each
image is imprinted with a time stamp accurate to 1 s. The images are cropped
to region of interest. Each step involved in the system is explained below and
visualised in Figure 5.4. The discs were tested at varying rates of rotation,

ranging from 1 Hertz to 35 Hertz, depending on the stage of testing.
Image A: The sample chambers (i) — (iv) were preloaded as described.

Image B: A spin rate of 15 Hz was applied. The forced the contents of
chamber (i) into the electrode chamber (v). This was left to incubate for 30
min, so the target miRNA could hybridise to the capture miRNA immobilised on

the surface of the working electrode.

The siphon between the electrode chamber (v) and the waste chamber (vi)
(shown as (ix) on Figure 5.3) prevents the flow of the sample into the waste.
After the 30 min incubation time, the spin rate was slowed down to 1 Hz; this

allowed the siphon to prime.

Image C: Once the siphon was primed, the spin rate was increased to 10 Hz,

to force the sample into the waste chamber.

Image D: Once the entire sample was in the waste chamber, the spin rate
was increased to 30 Hz. This high spin rate released the sample chamber (ii)
which flowed into the electrode chamber. This is a wash step, so the fluid can

flow over the electrode and through the siphon into the waste chamber.
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As an overflow system was implemented here, the fluid overflows from the
waste chamber (vi) into the overflow chamber (vii). This wetted the DF tab in
the chamber, releasing the pressure in the lower channel, allowing the DF tab
at chamber (iii) to become wet.

Image E: As the DF tab of chamber (iii) was wetted, the spin rate was
increased to 35 Hz to allow this chamber to empty into the electrode chamber.
This chamber contained the probe functionalised platinum nanoparticles and
was left for 30 min to incubate, to allow the probe to hybridise to the target
miRNA on the surface of the working electrode.

When the incubation time was complete, the spin rate was slowed down once
again to prime the siphon and allow flow into the waste chamber. Another
overflow system was implemented here; as the volume increased, the fluid
flowed into waste chamber (vii) and wetted the DF tab in this chamber,
releasing the pressure in the lower channels, so the DF tab at sample chamber

(iv) can be wetted also.

Image F: The spin rate was increased to 35 Hz once again, to allow the
release of the liquid in chamber (iv) into the electrode chamber, where it

remained for electrochemical testing.

The disc was removed from the spin stand and the external elements of the

electrodes were connected to a potentiostat for testing.
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Figure 5.4: Stepwise display of triggering system to allow complete

functionalisation of the working electrode in the incubation
chamber. Each image is cropped to show just one section of
the disc. Red food dye is preloaded into the chambers instead
of samples for visualisation purposes only. Chambers (i) — (iv)
are the preloaded sample chambers. Chamber (v) is the
electrode chamber. Chamber (vi) is the waste chamber, with

(vii) and (viii) as the overflow of the waste.
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5.2.2 Step-wise hybridisation of miRNA inside

microfluidic device

5.2.2.1 Electrochemical impedance studies for the modification of
the electrodes with miRNA

Electrochemical impedance spectroscopy is emerging as a powerful method
for detection in biosensors, as explained in more detail in Chapter 1. These
biosensors can be classed as faradaic and non-faradaic. Faradaic means that
the current generated is from the oxidation and reduction of a redox species at
the electrode; non-faradaic means that the current generated is from the
moment of electrolyte ions, adsorption/desorption, etc., at the electrode
interface. Changes in the EIS spectra can be related to the change in
resistance and capacitance of the interface, thus providing insights into the
effects of surface modification. Non-faradaic biosensors have been described
as being more amenable to point-of-care applications, as there is no additional
reagent required.®* As there is no redox probe in the system described here, it
is therefore non-faradaic EIS. The movement of the ions in the electrolyte is

being measured here.

In this study, Nyquist plots were utilised to study the change in charge transfer
resistance after the capture miRNA layer was formed on the bare gold
electrode, after the complementary target miRNA strand was hybridised to the
capture strand, and again after this was labelled with a platinum nanopatrticle

via target-probe complementary hybridisation.

A dilute electrolyte of 1 mM DPBS was used. The electrodes were connected
to the potentiostat, while the parts of the electrode that are functionalised with
the miRNA are confined in the sample chamber of the disc. The EIS
measurements were performed at an open circuit potential at an ac amplitude
of 25 mV and at a frequency range from 0.01 Hz to 100 kHz. The results are

shown in Figure 5.4 — Figure 5.7.
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Figure 5.5 shows an overlay of the Nyquist plot after each step. The Nyquist
plot is composed of an imaginary part (Z”) and a real part (Z’). The diameter of
the semi-circle represents the charge transfer resistance (R.) at the electrode
surface, which corresponds to any surface modification. The bare gold
electrode has an R value of 618 Q. When modified with the capture miRNA
strand, via thiol functionalisation to the gold electrode, the R value increases
to 886 Q. This is due to the miRNA partially blocking the electrode surface as
the capture layer is formed. There is little change to the R value when the
target miRNA strand is immobilised to the surface of the electrode via capture
strand hybridisation. A previous study by Riedel et al showed that when a
ssDNA immobilised on the surface of the electrode was hybridised to a
complementary target strand, the R value decreased as the length of the
overhang of target DNA increased.* This would account for the similarities of
the Nyquist plots, as there is an overhang of 12 base pairs when the target is
hybridised to the capture miRNA strand. When the probe miRNA strand and
platinum nanoparticles are included on the surface of the electrode the R
value increases to 1186 Q. Although the inclusion of nanoparticles has been
shown to improve the electron transfer ability to a solution phase redox active
probe, in this case because there is miRNA immobilised on the surface of the
nanoparticle, this increases the negative charge of the electrode surface,

which increases the resistance as shown.*

In a Bode plot, the data obtained from the impedance experiment is displayed
in a different way to the Nyquist plot, i.e. it takes the frequency at which each
resistance value is obtained at into account, whereas the Nyquist plot does
not. This accounts for the difference in the Bode plot in Figure 5.6, when there
is no change in the Nyquist plot. As the Bode Plot is affected more by the
capacitance, this shows that towards a higher frequency, there is a difference
when the target miRNA is hybridised to the capture miRNA. This is confirmed
when the data is fit to the equivalent circuit model in the next section, as the
capacitance calculated from that decreases from 1.9 x 10® to 6.8 x 10™° when

the target is hybridised.
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Figure 5.5: Nyquist plots of a bare gold electrode (thick black line), after
capture miRNA (short dashed line), after target miRNA (thin black
line) and after probe miRNA-PtNP (long dashed line). The EIS
were recorded in the presence of 1 mM DPBS at a frequency
range between 0.01 Hz and 100,000 Hz using an ac amplitude of
25 mV and the dc potential set to the open circuit potential of 0.1
V.
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Figure 5.6: Bode plot for a bare gold electrode (thick black line), after capture
miRNA (short dashed line), after target miRNA (thin black line)
and after probe miRNA-PtNP (long dashed line). The EIS were
recorded in the presence of 1 mM DPBS at a frequency range
between 0.01 Hz and 100,000 Hz using an ac amplitude of 25 mV

and the dc potential set to the open circuit potential of 0.1 V.
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5.2.2.1.1 Equivalent Circuit Model

Impedance spectra can be modelled using an electrical equivalent circuit
whose components are optimised to replicate the experimental response. In
this way, the relative contributions from the capacitors and resistances
associated with different components in the assay, e.g., solution phase
resistance or the change in capacitance due to analyte binding, can be
guantified and deconvoluted from the overall response. An electrical circuit
can consist of electrical components, such as resistors, capacitors, inductors,
etc., and components that have no electrical analogy, such as constant phase
elements, Warburg impedances, etc. These can be parallel or in series. When
building the equivalent circuit, it is essential that the various components

correspond to meaningful electrochemical processes in the experimental cell.

Figure 5.7 illustrates the electrical equivalent circuit model that describes the
capture miRNA and target miRNA modified gold electrode. The circuit consists
of the solution resistance (Rsq) in series with a parallel combination of the
component for the resistance of the capture miRNA / target miRNA layer on
the electrode surface (Rcaprar) @nd the Constant Phase Element of the capture
miRNA / target miRNA layers. The circuit uses Constant Phase Elements
(CPE) instead of pure capacitors to account for surface defects on both the
electrode surface and the capture miRNA / target miRNA layers. This model
simplifies and consolidates certain components, e.g., the resistance could be
further broken down into components representing contributions from the
capture monolayer and the intrinsic electrode resistance. However, since this
simplified model accurately reflects the experimentally observed behaviour,

more complex models were not used.

The solid lines in Figure 5.8 and Figure 5.9 correspond to the fitted values
obtained using the equivalent circuit. Figure 5.8 shows the Nyquist plot and
the Bode plot for the capture miRNA on the gold electrode (solid shapes),
overlaid with the fitted values (solid line). Figure 5.9 show the Nyquist and the
Bode plots when the target miRNA strand is hybridised to the capture miRNA

strand (solid shapes), overlaid with the fitted values (solid line). It is clear that
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they are in very good agreement with the experimental data. Chi-squared (x%)
values of 2.3 x 10™ for the fit for the capture and 9.0 x 10 for the fit for the
target were observed which further indicate the good agreement between the
experimental data and the model data obtained from the equivalent circuit.

R=ol CPEcapitar
>
Rcapitar

Figure 5.7: Equivalent circuit model used to fit the measured electrochemical

impedance spectroscopy data.
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Figure 5.8: Nyquist and Bode plots showing change in impedance for the gold
electrode following modification with 1 pM capture miRNA strands
(A). The solid lines correspond to the fitted values obtained using
the equivalent circuit model shown in Figure 5.7. All
measurements were carried out in 1 mM DPBS buffer electrolyte.
The frequency range used was between 0.01 Hz and 100,000 Hz
with an ac amplitude of 25 mV and the dc potential set to the

open circuit potential of 0.1 V.
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Figure 5.9: Nyquist and Bode plots showing change in impedance for the gold
electrode following modification with 1 uM capture and hybridised
with complementary 1 uM target miRNA strands (A). The solid
lines correspond to the fitted values obtained using the equivalent
circuit model shown in Figure 5.7. All measurements were
carried out in 1 mM DPBS buffer electrolyte. The frequency range
used was between 0.01 Hz and 100,000 Hz with an ac amplitude
of 25 mV and the dc potential set to the open circuit potential of
0.1V.
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5.2.3 Detection of miRNA

5.2.3.1 Electrochemical Impedance Spectroscopy measurement for
the Detection of miRNA

Once the electrode was characterised for each step of the hybridisation
process, detection of varying concentrations of the target miRNA strand were

carried out also.

For this section, the disc was pre-loaded as explained. It was spun on the
experimental spin stand as previously shown in Section 5.2.1.2, in order to
expose the working electrode to each concentration of miRNA and allowed to
hybridise before labelling with platinum nanoparticles. Varying concentrations
of the target miRNA were pre-loaded into the target miRNA chamber on each
section of the disc, in order to obtain the EIS measurement for differing
concentrations. The EIS measurements were then carried out on the disc in 1

mM DPBS and the results are displayed in Figure 5.10 — Figure 5.12.

Binding of the platinum nanoparticles to the electrode surface would be
expected to change the impedance properties of the interface, by changing
both the resistance and capacitance, and therefore would allow for a sensitive
detection method. As the platinum nanoparticles are brought to the surface of
the electrode via complementary target miRNA binding to the probe strand on
the nanopatrticle, the number of platinum nanoparticles on the surface of the
electrode depends on the concentration of the target miRNA. Varying

concentrations of the target were used, from 1 uyM to 1 aM.

The Nyquist plots in Figure 5.10 show the relationship between the real and
imaginary components of the impedance. The intercept at the real axis (Z')
corresponds to the solution resistance. A semi-circle forms from high to low
frequencies, which corresponds to the capacitive and resistive properties of the
modified electrode. The charge transfer resistance of the electrode

systematically decreases as the target miRNA concentration decreases. This
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is due to the decrease in the negative charge associated with lowering the
concentration of the miRNA, which therefore decreases the resistance as
shown. The R values decreases from 1201 Q for 1 uM target miRNA

concentration to 661 Q for 1 aM target miRNA concentration.

Figure 5.11 displays a calibration plot of the intercept of the real axis (Z’) vs the
log of the target miRNA concentration. As shown, the change in Z' value
(Ohms) decreases linearly from 1 uM to 1 aM of target miRNA, with a
correlation coefficient of R* = 0.9763, and a large slope indicating high
sensitivity. These results are very encouraging, and suggest that this sensor
can detect low concentrations of miRNA using label-free electrochemical

impedance spectroscopy.

Reproducibility is extremely important in biosensors. There are many factors

that contribute to the reproducibility in this biosensor, including:

e The density of the capture miRNA strand on the electrode surface;

e The density of probe miRNA strand functionalised on the platinum
nanoparticles;

e Defects in the surface of the electrode substrate ;

e Sample volumes.

Along with many possible contributing factors from the microfluidic device,

such as:

¢ Dust patrticles between the layers of the disc;
e Varying pressure when rolling the layers;

e The glue used to stick the electrodes onto the base.

Figure 5.12 shows a calibration curve of the R values vs the log of the target
mMiRNA concentration for an n = 3 assay. There is a clear dependence on the
interfacial resistance on concentration as presented in Figure 5.12. As the
total dynamic range is over 12 orders of magnitude, there isn’t a large change
in the resistance between each concentration. Therefore each of the above
points mentions are major contributors to the reproducibility and would need to
be extremely precise. Although the error bars may look large, there is in fact

only a 4 — 9 % error on each data point, which is acceptably low.
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Overall, EIS can be used for the detection of target miRNA strands, with
promising results. However, the R range between varying target miRNA
concentration is not very wide, which may cause issues for exact concentration
detection, as there may be some overlap in the values.
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Figure 5.10: Nyquist plots recorded in 1 mM DPBS of a gold electrode
modified with miRNA labelled with platinum nanopatrticles. The
concentration of the target strand of miRNA was varied from 1 uM
to 1 aM. The EIS were recorded at a frequency range between
0.01 Hz and 100,000 Hz using an ac amplitude of 25 mV and the
dc potential set to the open circuit potential of 0.1 V.
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Figure 5.11: Calibration curve of the detection of miR-134 target strand
miRNA. The target concentration is varied from 1 aM to 1 uM.
The Y axis is the resistance value obtained from the Nyquist

plot.
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miRNA. The target concentration is varied from 1 aM to 1 pM.
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Each concentration is obtained in triplicate.
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5.2.3.1.1 Equivalent Circuit Model

Figure 5.13 illustrates the electrical equivalent circuit model that describes the
electrode after complete complementary hybridisation and labelling with the
platinum nanoparticles. The circuit is as explained previously; it consists of the
solution resistance (Rso) in series with a parallel combination of the component
for the resistance of the platinum nanoparticle on the electrode surface via
complementary miRNA hybridisation (Repwne) and the Constant Phase Element
of the platihnum nanoparticle-miRNA layers (CPEpwp). The circuit uses
Constant Phase Elements (CPE) instead of pure capacitors to account for
surface defects on the electrode surface due to the presence of varying

amounts of platinum nanoparticles.

The solid lines in Figure 5.14 correspond to the fitted values obtained using the
equivalent circuit. Figure 5.14 shows the Nyquist plot for each of the varying
target miRNA concentrations (solid shapes), overlaid with the fitted values
(solid line). Once again, it is clear that the fitted values are in very good
agreement with the experimental data with Chi-squared (x°) values between
10 and 10 being observed for every sample; the exact values are included in
the table.

Table 5.1 shows the best-fit values for the resistances and capacitance
extracted from the equivalent circuit model. It gives the R values for each
concentration, which show that they are in correlation to the R values plotted
in the calibration curve, Figure 5.12. The errors listed here are for the best fit
model shown in Figure 5.13; the errors are all small, with the percentage error

less than 10% for each concentration fit.

The capacitance values for a clean electrode would be expected to be tens of
pF/cm®.  The capacitance values shown in Table 5.1 are dramatically lower
than this at 10° F. This is consistent with a low dielectric constant, which
confirms that there is miRNA modification on the electrode and that the capture
layer on the electrode is dense. This low capacitance figure is also associated

with the blocking properties of the nanoparticles on the electrode surface.
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Table 5.1: Equivalent Circuit Model Parameters of a gold electrode modified

with miRNA labelled with PtNPs.

target miRNA were used.

Varying concentrations of the

X2

Rsol | Rsol Rsol CPEnp | CPEnp- | CPEnp- | Rnp Rnp Rnp

(Err) | (Err%) (Err) (Err%) (Err) | (Err%)
2.3787 5.87E-

1uM x10™ 366 31 0.85 09 3.44E-10 5.85 1235 | 7.89 0.64
3.7679 7.34E-

1nM x10* | 337.1 25 0.76 09 4.20E-10 5.72 1009 | 5.48 0.54
1.0239 7.76E-

1pM x10° | 267.7 3.2 1.19 09 7.69E-10 9.90 958.6 | 10.19 1.06
1.1341 1.17E-

1M x10* | 267.5 15 0.58 08 5.79E-10 4.95 740.5 | 4.20 0.57
1.2125 8.87E-

laM x10° | 229.1 24 1.05 09 7.38E-10 8.32 695.4 | 4.84 0.70

Rsol CPEPtNP

Figure 5.13: Equivalent circuit model used to fit the measured electrochemical

impedance spectroscopy data.

188




£ — 1M fit
8 A 1M
= o0 —1nM fit
N n 1nM
500 1pM it
1pM
0 — 1M fit
< 1M
faMl fit
300 ral
200
100
0

0 200 400 600 800 1,000 1,200 1,400 1,600 1,800
Z'(Ohm)

Figure 5.14: Nyquist and plots showing change in impedance for the gold
electrode following modification with 1 UM capture miRNA
strands, hybridised with varying concentrations of target strand
miRNA and labelled with complementary probe strand modified
PtNPs (solid shapes). The solid lines correspond to the fitted
values obtained using the equivalent circuit model shown in
Figure 5.7. All measurements were carried out in 1 mM DPBS
buffer electrolyte. The frequency range used was between 0.01
Hz and 100,000 Hz with an ac amplitude of 25 mV and the dc

potential set to the open circuit potential of 0.1 V.
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5.2.3.2 Electrocatalytic Detection of miRNA

Electrocatalytic detection of miRNA was performed inside the microfluidic disc.
As previous, the platinum nanoparticles that are confined on the gold electrode
surface by miRNA complementary hybridisation are capable of
electrocatalysing the reduction of hydrogen peroxide, generating a current
whose magnitude is directly proportional to the number of nanoparticles on the
surface of the electrode. The number of nanoparticles on the surface of the
electrode depends directly on the concentration of target miRNA, as that is the
strand that brings the nanoparticle to the surface. Therefore a calibration

curve can be constructed by varying the target miRNA concentration.

Platinum nanoparticles that were uniformly functionalised with probe strand
mMiRNA were used in this study. Although in Chapter 4 it was concluded that
the regioselectively functionalised nanoparticles were more efficient at DNA
detection by having more bare platinum available for peroxide reduction, a
wide current range from 0.67 mA to 0.41 mA was still produced for the
uniformly functionalised nanopatrticles. The uniformly functionalised
nanoparticles also have many advantages such as, they are quicker to
synthesise as a monolayer does not need to be formed prior to deposition and
there is more area free for probe miRNA immobilisation. The time constraint is
a major disadvantage in a microfluidic disc, as the purpose of having a point-
of-care device is to have a rapid detection of the pathogen that is being tested.
Therefore, having pre-made miRNA functionalised platinum nanopatrticles that

can be loaded into the disc is a major advantage.

Concentrations ranging from 1 uM to 1 aM of the target miRNA strand were
studied. A fixed potential is applied to the electrode, and the current decays to
almost zero after approximately 5 min. The difference in reduction current was
measured before and after the addition of 20 uM hydrogen peroxide to the
sample chamber of the disc, which is already containing 1 mM DPBS. DPBS
was used for the electrocatalytic assay in this biosensor, as there is a
significant amount of gas evolution produced when peroxide is added to

sulfuric acid. As the volume of the sample chamber is small in comparison to
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previous studies, it cannot hold the gas, or let it vent out as quickly as it is
produced. This causes issues as the chamber fills with air and pushes the
electrolyte out, giving inaccurate results. By using DPBS the gas evolution is
much lower, and can be vented from the sample chamber and therefore does
not affect the measurements. Using the uniformly functionalised platinum
nanoparticles also decreases the gas evolution as the current response is less,
due to less bare platinum available for catalysis.

The current responses of three different concentrations are displayed in Figure
5.14. The initial current was measured at approximately 0.3 pA. When the
hydrogen peroxide was added, the biosensor responded rapidly; the response
current rises to reach a stable current response again. In 60 to 240 s, the
maximum current is reached, depending on the initial concentration of miRNA.
The rate at which a steady current is achieved is dependent on the amount of
platinum present on the electrode, as it is the platinum that is driving the
catalysis. As the amount of platinum is dependent on the target miRNA
concentration, the higher the concentration on target miRNA, the more
platinum nanopatrticles present, and therefore the current takes longer to reach

a steady state.
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Figure 5.15: Amperometric i-t curves for gold electrodes functionalised with 1
UM miRNA capture strands, varying concentrations of miRNA
target stands (as shown in legend) and 1 uM miRNA probe
strands labelled with platinum nanopatrticles. Potential applied is
-0.25 V in 1 mM DPBS. The difference in current before and
after the addition of 20 uM H,0; is displayed.
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Using a concentration range of target DNA from 1 uM to 1 aM the
electrocatalytic properties of the platinum nanoparticles towards H,O, was
investigated. The calibration plot of the semi-log concentration vs. Ai is shown
in Figure 5.16. The change in current increases with log [miRNA] rather than
[MIRNA]; this suggests that the current response is influenced by the [H,0,],

as well as the miRNA concentration.

Figure 5.16 shows that the change in current decreases linearly from 1 uM to 1
pM of target miRNA, with a correlation coefficient of R? = 0.9999, with a high
sensitivity, shown by the large slope, and a wide dynamic range over six orders
of magnitude. As shown in Table 5.2, the current change varies from 6 pA to
40 pA, with low standard deviations being observed for all concentrations

investigated.

The shape of this calibration curve is typical of an S-shaped calibration curve,
i.e. it will have an upper and a lower detection limit. Limit of detection is the
minimum concentration at which the analyte can be distinguished from the
assay background. The LOD of this system was determined to be 1 x 10™*? M,
or 1 pM, as this is the point on the curve when the current no longer depends
on the concentration. Therefore, the lower two target miRNA concentrations, 1

fM and 1 aM are below the LOD and can’t be accurately detected.

By comparing the currents obtained for this calibration curve to those obtained
previously for the other uniform platinum nanoparticles shown in Chapter 4 for
the detection of mastitis DNA target, the current generated here is much lower.
This could be attributed to a couple of reasons. First of all, the electrolyte is
changed from 0.01 M H,SO,4 to 1 mM DPBS. The concentration of peroxide is
also reduced from 2 mM to 20 uM. Both of these changes are to reduce the
gas produced during the hydrogen peroxide reduction, which would affect the
catalytic activity slightly, due to less hydrogen peroxide present for reduction,

and less hydrogen ions available in the solution from the sulfuric acid.

However, the signal generated is significant given the low concentrations of the
target used and shows the ability of a self-contained microfluidic biosensor,

where all steps can be carried out inside the disc.
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Figure 5.16: Electrochemical detection of sequence specific miR-134 miRNA

pathogen. The Y axis is the difference in current before and
after the addition of 20 uM H,O,. The applied potential is -0.25
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Table 5.2: Change in current before and after the injection of H,O, for varying

concentrations of miRNA.

Concentration of Log [DNA] Average Ai (pA) Standard
miRNA (M) Deviation
1.00E-18 -18 2.5
1.924954
1.00E-15 -15 2.6 1.776869
1.00E-12 -12 6.1 2.78585
1.00E-9 -9 22.7 3.783706
1.00E-6 -6 39.8 1.89702
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5.2.3.3 Control Studies

A control study was carried out to show the electrocatalytic activity of the bare
electrode and where the miRNA was immobilised and hybridised onto the
electrode without the platinum nanoparticle label. The current-time transients
are displayed in Figure 5.17, with the corresponding average change in current
values displayed in Table 5.3.

The current generated from a bare electrode causes an average current
change of 1.81 pA. The current generated from both the capture miRNA
strand functionalised gold electrode, and with the target miRNA strand
hybridised to the electrode surface, both cause an average current change of
1.49 pA and 1.58 pA respectively.

The reason that the current generated for the bare gold electrode is slightly
higher than when it is functionalised with miRNA is due to the fact that there
would be some electrocatalytic activity coming from the underlying gold also,
especially when it is clean gold, unmodified by the miRNA. Therefore, when
the gold is bare, it will cause a slight current jump when the hydrogen peroxide
is added, as it will reduce the hydrogen peroxide also. When the capture
miRNA is immobilised on the surface of the electrode, it blocks some of the
gold, which cause a slight decrease in the average current jump. Most of the
peroxide can still permeate through the miRNA layer, which is why the current
doesn’t decrease by a large amount. By exposing the functionalised electrode
to the target miRNA strand, the target will hybridise to the complementary
capture miRNA strand. This will not change the current associated, as the
peroxide can still permeate through the miRNA strands to the gold as before,
and as the target miRNA is unlabelled, the current will not increase because
there is no platinum present for the electrocatalytic hydrogen peroxide
reduction. This shows the low background current associate with the
biosensor, which also reflects the poor electrocatalytic properties of a miRNA

modified gold electrode, and shows the need for a platinum nanoparticle label.
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Figure 5.17: Amperometric i-t curves for a bare gold electrode (red line), a
gold electrode functionalised with 1 uM capture miRNA (cRNA,
green line), a gold electrode functionalised with 1 uM capture
miRNA and hybridised to 1 uM target miRNA (tRNA, blue line),
and a gold electrode functionalised with capture, 1 nM target and
probe miRNA labelled with platinum nanoparticles (full sandwich
assay, black line). Potential applied is -0.25 V in 1 mM DPBS.
The difference in current before and after the addition of 20 pM

H,0, is displayed.
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Table 5.3: Change in current before and after the injection of H,O, for varying
stages of the hybridisation process.

Average Ai (uA) Standard Deviation
Bare 1.8 0.266
cRNA 15 0.170
tRNA 16 0.118
Full sandwich assay 3784
with 1 nM target 22.7
miRNA
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5.4 CONCLUSION

In conclusion, target miRNA, associated with epilepsy is detected inside a
microfluidic disc using two methods: electrochemical impedance spectroscopy
and electrocatalytic reduction of peroxide at functionalised platinum

nanoparticles functionalised with probe strand nucleic acids.

A microfluidic disc is assembled with nine layers of PMMA and PSA. The gold
electrode is pre-functionalised with capture miRNA that is complementary to
part of the target miRNA strand. This electrode is then assembled into the
base of the disc, with bare gold as the counter electrode and ITO as the
reference electrode. This disc uses an event triggered system; the valving
technology used utilises the arrival of a liquid at one location to prompt the
release of another liquid at another, distant location on the disc by a
connecting pneumatic channel. The disc is pre-loaded with target miRNA,
probe miRNA-functionalised platinum nanoparticles and DPBS into the
relevant chambers. It is then spun on an experimental spin stand at different
rates of rotation, to control the flow of liquid, and the release of differing

chambers.

By pre-loading each of the chambers with each step of the hybridisation
process, and releasing them systematically and allowing each liquid to
incubate for the required time, a sandwich assay is formed on the gold
electrode with the target miRNA bringing the platinum nanoparticle to the
surface of the electrode, via complementary hybridisation with the probe
miRNA that is immobilised on the platinum nanopatrticle via a thiol head group.
Once fully hybridised, the external elements of the electrode are attached to a

potentiostat to detect the concentration of target miRNA in the disc.

Electrochemical Impedance Spectroscopy (EIS) is performed on the electrode
with the fully hybridised sequence labelled with platinum nanoparticles.
Different concentrations of the target miRNA were used. A calibration plot
showing the log [miRNA] vs the Z’ value from the Nyquist plot is displayed,

showing that the Z’ value varies linearly with the varying concentration, with a
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standard deviation of 2 — 9 %. These results are fit to an equivalent circuit
model and the measured data is in very good agreement to the fitted data for
each concentration investigated.

The current associated with the reduction of hydrogen peroxide at the platinum
nanoparticles is measured as is shown to vary linearly with concentration
between target miRNA concentrations of 1 pM and 1 pM. The limit of detection
is calculated to be 1 pM of the target miRNA concentration. Uniformly
functionalised platinum nanoparticles are used, and a significant current is
achieved after the injections of 20 uM of H,O, that varies between each target
miRNA concentration.

The ability to detect target miRNA strands associated with epilepsy inside a
microfluidic disc is a huge step forward for biosensing applications, as it is
inexpensive, sensitive and rapid. While there are some challenges involved in
the reproducibility of some of the data points, that are touched on in the
chapter, the results displayed here are extremely encouraging, due to the wide
dynamic range and low limits of detection. The issues that arise due to
reproducibility are all solvable, and can be improved on. The advantages of
this system include the low limit of detection, wide dynamic range, and the
rapid response time for target miRNA detection. This system is also versatile
and can be utilised for many different pathogens or biomarkers; as there are
four sample chambers present on the device, four samples can be tested

simultaneously.
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CHAPTER 6

TRIANGULAR SILVER NANOPLATES:
PROPERTIES AND ULTRASENSITIVE
DETETCTION OF miRNA
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6.1 INTRODUCTION

Neuroblastoma is a paediatric cancer of the sympathetic nervous system that
is responsible for approximately 15 % of all childhood cancer deaths.® It is one
of the most common solid tumours in children, and these tumours are noted for
their wide heterogeneity in clinical behaviours, ranging from spontaneous
regression to aggressive clinical course and death due to disease.? Diagnosis
can be very challenging as many of the symptoms can be attributed to other
less serious causes, and the age at which the patient is diagnosed can greatly

affect their prognosis and treatment.’

Recently, a 22 base miRNA signature, miR-132-3p, has been implicated in the
pathogenesis of neuroblastoma.*® This miRNA has been associated with
carcinogenesis and aggressive progression of various tumours including lung
cancer®, gastric cancer’, osteosarcoma® and ovarian cancer.” However, the
concentration of miRNA in samples for detection is typically extremely low, i.e.,
picomolar or lower. Current methods of miRNA analysis involve complex
strategies such as Reverse Transcriptase PCR (RT-PCR),*** or
microarrays'?>. These methods have disadvantages including the short and
inflexible templates characteristics of the target and similarities in sequence
between miRNA families. They are also more prone to human and handling
error.”® Many direct detection methods “do not have the necessary sensitivity
to detect the ultralow copy numbers of miRNA and cannot be deployed away
from centralised laboratories. Therefore, there is an unmet clinical need for
methods that can directly detect ultralow concentrations of miRNA without the

need for prior amplification methods.

The target miRNA in question here, miR-132-3p is used in two different ways,
as shown in Scheme 6.1. Firstly, the triangular silver nanoplates are
functionalised with probe strand miRNA, complementary to the target strand.
These labelled nanoplates are then used for the electrocatalytic detection of
the target miRNA on the surface of a gold disc electrode. They are also

immobilised in gold microcavity arrays for a different detection method.
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As previously explored, electrocatalytic metal nanoparticles can be used as a
detection method by immobilising probe nucleic acids on the surface of the
nanoparticle, and then complementary hybridisation to the target nucleic acid
in question to bring the nanoparticle to the electrode surface. We have shown
how this method of nucleic acid detection functions extremely well for platinum
nanoparticles, by giving a large current change when the peroxide is injected
into the biosensor. However silver is also another metal that shows

14-16 and

electrocatalytic activity toward the reduction of hydrogen peroxide
therefore can be used in a similar way. In this study, triangular silver
nanoplates will be used for electrocatalytic detection of nucleic acids, as it has
been shown that triangular shaped nanoparticles have greater catalytic activity
when compared to spherical or cubic shaped nanoparticles.” A previous
amperometric biosensor used triangular silver nanoparticles in conjunction with
glucose oxidase for the detection of glucose.” In this study, 1 uM was the limit
of detection reached by this system, and it was proven that by adding
triangular silver prisms into the system, the current response was 16 times

greater.

Beyond the optimisation of the particle shape and size for detection, the nature
of the surface onto which they are captured can also significantly influence the
optical and electrochemical responses generated. For example, the fabrication
of ordered nanoporous arrays of gold with varying pore diameters has
previously been demonstrated.’® These arrays have strong plasmonic fields
which deliver excellent Raman signals and vary both with the metal used, and
the dimensions of the nanopore. These plasmonic fields can be exploited to
yield very significant enhancements in the Raman intensity from a species
trapped on or near the surface. Nanoparticles immobilised within the
microcavities can contribute to the generation of extremely strong
electromagnetic fields and can dramatically enhance Raman responses when

20-22 For

the cavity mode is resonant with the captured nanoparticle mode.
example, regioselectively functionalised platinum nanoparticles have been
immobilised in a microcavity array via DNA hybridisation.*® These immobilised
nanoparticles retain their electrocatalytic activity inside the microcavities and

can generate significantly higher current for the reduction of hydrogen peroxide
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than a planar surface by changing the nature of the diffusion field which can
improve the sensitivity of DNA detection. The benefit of having the
nanoparticles in a microcavity is that they can generate high Raman signal
intensities which can be used to indicate when the hybridisation has occurred,
as there is a twofold enhancement in the Raman intensity when the

nanoparticle is present.

The benefit in this instance in using silver nanoplates is that silver is SERS
active.**?® Xu et al have recently used silver nanoparticles to detect multiplex
diseases at attomolar level by SERS.?’ Wu et al have also detected the
aptamer of a cancer biomarker, alpha fetoprotein, by SERS and have achieved
a limit of detection of 0.097 aM.”®

There is also benefit in using triangular shaped nanoparticles as they have
been shown to have unique optical properties that can be tuned to many

different biosensing opportunities.?3?

In SERS, “hotspots” are created
between the nanoparticles to produce intense electromagnetic fields that
increase the Raman intensity of the molecules located in these regions. By
using triangular silver nanoplates, these hotspots can occur at the edges or the
tips of the triangular shape, and could operate individually as a highly sensitive

SERS substrate.*®

In this study, both SERS and electrocatalytic detection of miRNA is reported
and their performances compared. The triangular silver nanoplates has been
immobilised on a gold disk electrode, and inside a gold microcavity by

complementary miRNA hybridisation with the target miRNA strand, miR-132-
3p.
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Scheme 6.1: Fabrication of the microcavity array. A closely packed layer of
probe strand miRNA is formed on TSNPs. These probe-
functionalised TSNPs are then hybridised to the target miRNA
strand and then hybridised with a capture miRNA surface. This
is performed on both a clean planar 2mm gold disc electrode for
the electrochemical array, and inside a 5 pm gold microcavity,

for the bio Raman array.
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6.2 RESULTS AND DISCUSSION

6.2.1 Characterisation of Triangular Silver Nanoplates

Triangular silver nanoplates were used in two different ways in this study, as
shown in Scheme 6.1. The triangular silver nanoplates were initially
functionalised with probe strand miRNA that is complementary to part of the
target miRNA strand associated with neuroblastoma. The probe miRNA
strands were immobilised onto the surface of the silver nanoplates via a thiol

terminus on the probe miRNA strand.

The miRNA functionalised triangular silver nanoplates were immobilised on the
surface of a gold disc electrode, and also inside gold microcavities. Both of
these immobilisation methods involve immobilising a capture miRNA strand
onto the gold via a thiol end group. The target miRNA is then hybridised to the
complementary capture miRNA strand, followed by hybridising the remaining
section of the target miRNA to the probe miRNA strand on the triangular silver
nanoplate, bringing it onto the electrode surface for analysis. This is shown in
Scheme 6.1, and the method can be found in more detail in Chapter 2, Section
2.3.8 and Section 2.3.9.

The following characterisation methods confirm the probe mIRNA
immobilisation onto the triangular silver nanoplates, and also the fully

hybridised electrode / gold microcavities.

6.2.1.1 UV

Noble metal nanoparticles exhibit a strong ultraviolet (UV) — visible (Vis)
absorption band that is not present in the spectrum of the bulk metal. This

absorption band results when the incident photon frequency is resonant with
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the collective oscillation of the conductions electrodes and is known as the

local surface plasmon resonance (LSPR).?%*%

As the triangular silver
nanoplates can be optically tuned from the visible to NIR wavelengths; by
changing the size of the nanoplates, its surface plasmon resonance will

change, so it can be tuned for whatever properties are required.>®

Figure 6.1 show an overlay of two absorbance spectra if the triangular silver
nanoplates before and after the immobilisation of the probe strand miRNA on

I*® has shown that for

the surface of the nanoplate. Previous work by Wu et a
triangular silver nanoparticles, three bands are present in the absorbance
spectrum, relating to the in-plane dipole, the in-plane quadrupole, and the out-
of-plane quadrupole; these are observed at approximately 528nm, 428nm and
340 nm respectively, with the in-plane bands being the strongest. These
correspond to the spectrum shown in Figure 6.1, as there are peaks at 520nm,
400 nm and 338nm. They have also shown that there is a red shift as the
edge length increased, and the wide bands are attributed to a percentage of
inhomogeneity of shape and size in the samples, which is to be expected.
These peaks have also been observed by Chen et al,*’ and they have
determined that the shift in comparison to “perfect” triangular nanoplates is due
to the truncated nature of these triangular silver nanoplates. When the probe
mMiRNA strand is immobilised on the surface of the nanoplate, there is a shift in

the absorbance band, and a band appears at 260 nm.***?
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Figure 6.1: Overlaid absorption spectra of pristine triangular silver nanoplates
(black line) and triangular silver nanoplates following

immobilisation of probe strand miRNA via a thiol head group.
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6.2.1.2 FESEM

Field-Emission Scanning Electron Microscopy (FESEM) is a versatile non-
destructive technique that can reveal detailed information about the
morphology of the material surface.

Figure 6.2 shows FESEM images of the triangular silver nanoplates
immobilised inside the gold microcavities via complementary miRNA
hybridisation. As these cavities are very large in comparison to the triangular
silver nanoplates (approximately 100 nm nanoplates within 5 pm cavities), the
image in Figure 6.2A has been zoomed in to show the presence of the

triangular silver nanoplates.

This shows that the nanoplates have retained their shape throughout the probe
mMiRNA strand functionalisation and complementary target miRNA hybridisation
process, and that they can successfully be immobilised inside the
microcavities, using the method outlined. The absolute count of triangular
silver nanoplates is 20£3 triangular silver nanoplates per cavity, when using a

target miRNA concentration of 1 uM.

6.2.1.3 EDX

Energy dispersive X-ray (EDX) spectroscopy is a characterisation technigue
used for the elemental analysis or chemical composition of sample.*’ Its
characterisation capabilities are largely due to the fundamental principle that
each element has a unique atomic structure, allowing a unique set of peaks to

appear on its X-ray emission spectrum.

Figure 6.3 shows the EDX spectrum obtained from the triangular silver
nanoplates immobilised inside the gold microcavity array. The EDX spectrum
indicates the presence of silver with a relatively high purity of 75 at.% weight.
The other peaks are gold peaks, which arise from the underlying gold

microcavities.
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Figure 6.2: Field emission scanning electron micrographs of 5 uM gold
cavities, containing TSNPs selectively localised within the cavities
via RNA hybridisation. The concentration of the target RNA
strand is 1 uM. Image B and C are a magnified portion of image
A, to show the TSNPs. Some of the TSNPs have been
highlighted and the sizes of them are as follows: B1 — 150 nm, B2
— 100 nm, B3-100 nm; C1 -94 nm, C2 — 103 nm, C3 - 101 nm.
The occupancy of each cavity is 20 TSNPs + 3. (Images
obtained by Dr Elaine Spain.)
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Figure 6.3: EDX spectrum of triangular silver nanoplates immobilised in gold
microcavities via miRNA hybridisation. The spot size used was

100 nm. (Spectrum acquired by Dr Elaine Spain.)
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6.2.3 Raman Detection of miRNA

Under certain conditions, Surface-Enhanced Raman Scattering (SERS) is a
highly sensitive spectroscopic technique that has been used extensively for

biochemical detection.****

A potential advantage of the nanoparticle
immobilised inside a microcavity is that both the cavity and the particle can
provide plasmonic enhancement of Raman, giving rise to SERS and transport
to and from the captured particles, e.g., the effect of stirring, can be influenced
by the cavities. As mentioned previously, silver is among the most active metal
for SERS, with enhancement factors as high as 10 obtained for silver
nanoparticles.”® Factors that can further enhance SERS are the presence of

sharp edges, which leads to “hot-spots” localised at the corners and edges.

Here, both triangular silver nanoplates and gold edge-coated triangular silver
nanoplates have been functionalised with nucleic acids to enhance the Raman
response from the oligonucleotides. To further amplify the Raman response,
the nucleic acid sandwich assay is performed within a gold microcavity. The
separation can be tuned to promote enhancement by adding more base pairs
to, or taking base pairs away from the structure of the target strand, which
controls the distance between the nanoparticle and the bottom of the gold
microcavity. Two different types of the triangular nanoplates are studied in this
case, to try and further optimise the Raman and electrocatalytic responses.
The advantages of using both of these types of triangular nanoplates are that
they are optically tuneable throughout the visible and near-infrared spectrum.
They also can both be surface modified with bioreceptors such as nucleic

acids in this case, via thiol head group bonding.

Figure 6.4 shows the SERS spectra of the completed hybridisation steps,
using gold edge-coated triangular silver nanoplates (top spectrum) and
triangular silver nanoplates (bottom spectrum). Many of the peaks can be

credited to varying parts of the miRNA structure on the electrode surface.*>*

Some of the peaks can be attributed to the RNA structure like the ribose sugar,

such as the peak at 368 cm™ is the phosphate backbone, 867 cm™ is the
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ribose base linkage, 984 cm™ is the C-O and C-C stretching, and the strong
peaks at 1001 — 1020 cm™ in both spectra are attributed to the C-C and C-O
stretching of the ribose backbone.

There are also many miRNA peaks present in the spectra such as; 618 cm™ (A
ring deformation), 759 cm ™ (C ring), 788 cm ™ (C and U ring breathing), 1151
cm™ (A stretching), 1162 cm™ (C ring), 1245 cm™ (U ring mode), 1307 cm™ (C
and A ring mode), 1430 cm™ (G ring breathing). Also present are peaks that
are attributed to the alkane thiol, such as 440 cm™, 1600 cm™ (Au-S stretch)
and 1160 cm™ (C-C stretch).

These spectra display the feasibility of detecting RNA using this approach.
Figure 6.4 shows that the extent of enhancement differs for the two different
triangular nanoplates. The enhancement of the gold edge-coated triangular
silver nanoplates is 10* times greater than that of the triangular silver
nanoplates. The best SERS enhancement occurs when the plasmons overlap;
therefore there is a greater enhancement where the gold edged nanoplates are
used. The plasmonic field of the gold microcavities is from approximately 600
— 900 nm and the plasmon of the gold edge-coated triangular silver nanoplates
is 784 nm. These plasmonic fields therefore overlap, along with the excitation
wavelength used for the Raman spectroscopy measurements was 633 nm
which can excite the cavity modes. The plasmon of the triangular silver
nanoplates is 520 nm, which is outside of the plasmonic field of the gold
cavities which reduces the magnitude of the enhancement observed.
However, there is still a significant spectrum from the triangular silver
nanoplates, which could still be used for detection. These results are
important as they show that by tuning the plasmons of the cavities with that of
the particles, and combining that with an excitation wavelength in the same

range, an extremely large SERS enhancement can be achieved.

As the miRNA target separates the surface of the cavity and the nanoplates,
different lengths of RNA strands could be explore to maximise the interaction
between the nanoplates and the cavity fields. This could be further modified
into a multiplexed array, by confining different capture RNA strands into

different sections of the microcavity array, and using different metal
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nanoparticles for each differing target miRNA for each different disease. This
method should give different SERS enhancements, depending on the length of
the miRNA in the cavity and on the metal attached to it in the sandwich assay,
so different diseases could be detected simultaneously.
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Figure 6.4: Raman spectra of mR-132-3p bound within a gold microcavity
array in the presence of TSNPs (bottom) and gold plated TSNPs

(top). The excitation wavelength is 633 nm.
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6.2.4 Electrochemical miRNA Detection

The analytical performance of the triangular silver nanoplates using the
electrocatalytic reduction of peroxide was investigated in sandwich assays.
The difference in current before and after addition of hydrogen peroxide, which
can be reduced at the nanoplates, was measured. The system was left to
equilibrate for ten min prior to the peroxide addition and allowed to stabilise for
thirty min after the addition of peroxide. The current generated is due to the
number of triangular silver nanoplates on the electrode surface. As the
number of triangular silver nanoplates on the surface of the electrode depends
on the concentration of target miRNA, as that is the strand that brings the
nanoplate to the surface via complementary miRNA binding, the current

generated depends on the concentration of the target miRNA.

Figure 6.5 shows the dependence of the change in current on the log of the
concentration of miRNA. Concentrations ranging from 1 aM to 1 uM were
investigated. The difference in current was measured after the addition of 20
UM hydrogen peroxide. A linear response was obtained for concentrations of
miRNA from sequence-specific heuroblastoma from 100 fM to 1 uM of target
concentration, with a correlation coefficient of R? = 0.9907. The calibration plot
is highly sensitive, as shown by the large slope and a wide dynamic range.
Each concentration is selective and has a significant current change
associated with it, arising from the efficient electrocatalysis. A signal is
obtained for concentrations as low as 1 aM; however this does not fit into the

linear portion of the calibration plot.

For the lower concentrations, from 10 fM to 1 aM, the calibration curve flattens
and is no longer linear. This is typical of an S-shaped calibration curve, i.e. it
will have an upper and a lower detection limit. The LOD of the system is
calculated to be 10 fM, which correlates to the flattening of the calibration plot
at this point. This means that concentrations below this point cannot be

accurately detected by this method.
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Also in Figure 6.5 is a calibration curve of a miRNA functionalised electrode
without the triangular silver nanoplate label. Any catalytic current generated in
this instance is from the underlying gold electrode. As expected, and as seen
previously, when the probe strand is not labelled with an electrocatalytic
nanoparticle, the target miRNA strand does not produce a significant current
any current that is produced does not depend directly on the target
concentration. The current produced here is only the underlying current, and
does not vary as there is no label on the probe strand. The sensitivity of the
gold electrode, modified with just unlabelled miRNA strands is over 350 times
lower than that of the triangular silver nanoplates assay. This reflects the poor
electrocatalytic properties of the unlabelled miRNA modified gold disc
electrode.
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Figure 6.5: Dependence of the change in current before and after the addition
of H,O, on log[RNA] for a 2 mm gold disc electrode following
hybridisation with TSNPs (m), and without any nanoplates (A). In
all cases, H,0; in aqueous 0.01 M H,SO, gives a concentration of
200 uM. The applied potential is -0.250 V. Where error bars are
not visible, they are smaller than, or comparable to, the size of the
symbols.
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6.3 CONCLUSION

In conclusion, triangular silver nanoplates were used in two ways to directly
detect the presence of a target miRNA strand, miR-132-3p, which has been
linked to neuroblastoma, a paediatric cancer of the sympathetic nervous
system. By immobilising probe strand miRNA, that is complementary to part of
the target miRNA strand, on the surface of the triangular silver nanoplates via
thiol head group, the target can be detect by electrocatalytic reduction of
hydrogen peroxide at the silver nanoplate, and also by surface enhanced
Raman spectroscopy, caused by the triangular silver nanoplate. The probe
miRNA labelling on the triangular silver nanoplate has been confirmed by UV-
Vis spectroscopy, as there is a shift the in silver peak, and the RNA peak

appears.

Gold microcavity arrays were made by depositing gold through an array of 5
pum polystyrene spheres. The top, bare part of the gold was blocked using 11-
mercaptoundecanoic acid; then the spheres were removed by sonication in
THF. Capture miRNA, that is complementary in part to the target strand is
immobilised in the microcavity via thiol binding. This is then hybridised with the
target miRNA strand, followed by hybridisation with the probe miRNA modified
triangular silver nanoplates. Confirmation of the immobilisation of the
triangular silver nanoplates is achieved by EDX spectroscopy and FESEM, and
the absolute count of triangular silver nanoplates is 20 + 3 triangular silver

nanoplates per cavity, when using a target miRNA concentration of 1 pM.

This sandwich assay was examined under Raman spectroscopy; as silver is
highly SERS active. The nanoplates enhance the nucleic acid Raman
signature, with gold edge-coated triangular silver nanoplates giving a 10*
enhancement in comparison to the silver triangular silver nanoplates. This is
due to the overlapping plasmonic fields of the gold cavities and the gold coated
triangular silver nanoplates, and the excitation wavelength used. This shows

that there is a lot of potential using this as a target miRNA detection method,

223



by tuning the plasmons, nanoparticles and target miRNA length to get a
modified architecture for significant SERS enhancement.

The triangular silver nanoplates were also used in an electrocatalytic assay on
planar gold disc electrodes by measuring the change in current before and
after the injection of hydrogen peroxide. A significant current was achieved
with a linear response from 100 fM to 1 pM target miRNA concentration. The
limit of detection was determined to be 10 fM. By comparing this assay to an
unlabelled assay, it is shown how the triangular silver nanoplates are essential
for the electrocatalysis to occur. The sensitivity when there are no
nanoparticles is over 300 times lower, with barely any current change after the

injection of hydrogen peroxide.

In summary, this study demonstrates the electrochemical detection based on
triangular silver nanoplates suitable for the detection of low-abundance
molecular biomarkers, miR-132-3p of neuroblastoma. It also demonstrates the
potential for SERS detection of biomarkers using triangular silver nanoplates

that could be achieved by further slight modification.
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7.1 SUMMARY

This thesis reported on the synthesis and optimization of electrocatalytic
platinum nanoparticles using the double potential step electrodeposition
method, and application of these, and other electrocatalytic nanocomposites
for the detection of nucleic acid strands that are associated with different

diseases.

As the concentrations of biomarkers such as nucleic acids, can be extremely
low at the early stages of diseases, an increased sensitivity and lower limits of
detection are essential for successful detection. Biosensors are promising
devices with are superior to traditional analytical methods due to their
specificity, rapid response time, portability and ease of use. Due to the major
advantages, it is clear that these devices are coming to the forefront in the field
of point-of-care diagnostics. Therefore, this work focused on improving the
sensitivity of nucleic acid biosensors through metal nanomaterials, and also
the incorporation of this detection method into a fully integrated microfluidic

device for point-of-care testing.

Following Chapters 1 and 2, which review the current state-of-the-art methods
for nucleic acid detection using metal nanoparticles and the experimental
strategies employed respectively, Chapter 3 reported on the synthesis and
characterisation of platinum nanoparticles. A double potential step
electrodeposition method was used to deposit platinum nanoparticles onto self-
assembled monolayer templated and template-free gold electrodes in order to
control the size and density of the platinum nanoparticles. By varying the
nucleation and growth potentials, the size and density of the nanoparticles
could be controlled. The self-assembled monolayer template allowed the
nanoparticles to be regioselectively functionalised with a probe nucleic acid
strand, before desorption into suspension and the particles retained their

functionality after desorption.

These regioselectively functionalised nanoparticles can be multifunctional. By

functionalising the nanoparticle in different areas, the nanoparticles can
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selectively bind to each other in a way that is analogous to atoms. The length
of these bonds and the angles at which they bind can be controlled also, by
varying the surface functionalisation. These can then be further built on, to

form ordered structures.

In Chapter 4, the detection of nucleic acids using the optimal platinum
nanoparticles and electrocatalytic detection was reported. The current
generated for the reduction of hydrogen peroxide varied linearly with target
DNA concentration between 1 aM and 1 pM, with excellent reproducibility of
between 2 — 15 %, even at the lowest concentrations. When compared to the
nanoparticles formed without the monolayer template, the sensitivity (slope of
the calibration curve) of the templated nanoparticles was over an order of
magnitude larger, due to the templated particles being more size
monodisperse.  For uniformly functionalised platinum nanoparticles, the
sensitivity was again over an order of magnitude lower demonstrating that
separating the two functions of the nanopatrticle, i.e. the molecular recognition

side and the electrocatalytic side, greatly enhances the analytical performance.

In order to improve the sensitivity even further, ideally to be able to detect one
binding event, the current associated with the arrival of a single nanoparticle
would need to be large enough to measure. The lowest concentration on the
calibration curve is equivalent to the binding of approximately 10,000
nanoparticles. So to detect just one binding event, this is the gap that needs to

be overcome.

Chapter 5 reports on integrating the nucleic acid sandwich assay into a
microfluidic device. The microfluidic disc was pre-loaded and used an event
triggered system to carry out the hybridisation process fully inside the

microfluidic device.

Electrochemical Impedance Spectroscopy was performed on the sandwich
assay, with different concentrations of the target miRNA. The R, values
increased linearly with increasing concentration, with a standard deviation of
between just 2 — 9 %. These results were also fit to an equivalent circuit model
and the measured data is in very good agreement to the fitted data. While the

standard deviation is low, the range of response is also quite narrow over 12
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orders of magnitude; this would be affected by the reproducibility factors of the
system, such as the density of miRNA on the electrode surface, the density of
the miRNA on the nanoparticle, defects on the electrode surface, plus all of the
steps involved in the assembly of the device. However the results are
encouraging, as there is a clear dependence of the interfacial resistance on
concentration, and the precision of the reproducibility factors can all be
solvable.

The electrocatalytic activity of the sandwich assay incorporated into the
microfluidic disc and performance of the device was impressive with the
hydrogen peroxide reduction current increasing linearly with increasing target
MRNA concentrations from 1 pM to 1 uM, with a limit of detection of 1 pM.
These results are extremely promising, due to the wide dynamic range, low
limit of detection and rapid response time, along with the advantage of the full

system contained inside an integrated microfluidic device.

In Chapter 6, triangular silver nanoplates were used in the sandwich assay to
detect the target miRNA which in this case is a biomarker for Neuroblastoma.
A linear response was achieved for the change in current before and after the
addition of hydrogen peroxide from 100 fM to 1 uM target miRNA
concentration, with a limit of detection of 10 fM. By comparing these results to
that of an unlabeled assay, without any nanoplates present, the sensitivity is
over 300 times larger when the triangular silver nanoplates are incorporated

into the assay.

The triangular silver nanoplates were also immobilised in gold microcavity
arrays via complementary miRNA hybridisation. As silver is SERS active, the
nanoplates should enhance the nucleic acid Raman signature. Gold-edged
triangular silver nanoplates were used as a comparison, and these nanoplates
gave a 10* enhancement in comparison to the silver nanoplates. This is due to
the overlapping plasmonic fields between the gold nanocavities, the gold-
edged nanoplates and the excitation wavelength used. Even though in this
instance a systematic dependence of the Raman signal on the target
concentration wasn’t achieved, the results show that there is a huge potential

for this detection method to be successful, by tuning the plasmons,
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nanoparticles and target miRNA length to get a modified architecture for
significant SERS enhancement.

Overall, this thesis shows that electrocatalytic nanoparticles are excellent for
nucleic acid detection and are highly sensitive over a wide range of target
nucleic acid concentrations, and offer a large signal enhancement over planar
gold electrodes. The sandwich assay used here can also be used for a wide
variety of target nucleic acids, simply by changing the capture and probe
nucleic acid sequences for complementary hybridisation to the target. It can
also be tailored by changing the nanoparticle to different shapes, sizes or
metals, in order to achieve the greatest signal required for the detection
needed. The integrated microfluidic device is a major step forward for point-of-
care diagnostics, and can also be used for a wide variety of nucleic acid

targets.

Another application for this system and the high sensitivity and wide dynamic
ranges achieved here, would be for the detection of environmental pollutants.
While they would decay over time, it would get more difficult to detect as time
went on, and the concentration got lower. By implementing the system
described here, ultralow concentrations could be detected, so the decay could

be monitored over time.
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APPENDIX A



Comparison of the electrochemical area (E.A.) and surface roughness factor
(S.R.). values of the gold oxide reduction and platinum oxide reduction peaks
of a bare gold disc electrode, before and after platinum deposition from a 1mM
chloroplatinic acid hydrate solution in 0.5 M H,SO, and after desorption of the

platinum nanoparticles, using a current jump.

A nucleation potential of -1000 mV is applied for 20 ms and 0 to -600 mV
growth pulses applied for 30 s and 60 s.

30s 30s 30s 30s 60 s 60 s 60 s 60 s
E.A.au | S-Riay S.R.p: E.A.a, S.R.ay

Egrowth

-
-
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A nucleation potential of -1200 mV is applied for 20 ms and 0 to -600 mV
growth pulses applied for 30 s and 60 s.

30s 30s 30s 30s 60 s 60 s 60s 60s
E.A.ay | S-Roau E.A.a, S.R.au E.A.p; S.R.p:
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A nucleation potential of -1400 mV is applied for 20 ms and 0 to -600 mV
growth pulses applied for 30 s and 60 s.

30s 30s 30s 30s 60 s 60 s 60 s 60s
E.A.a, S.R.au E.A.a, S.R.au E.A.p¢ S.R.p:

Egrowth

|
l
T
-
-
|
|
|
|
|
|
|
|
|
|
|
|
|
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A nucleation potential of -1600 mV is applied for 20 ms and 0 to -600 mV

growth pulses applied for 30 s and 60 s.

30s 30s 60 s 60 s 60 s 60s
E.A.5, S.R.au E.A.p¢ S.R.pt

1.62 0.000 0.00

1.19 0.047 1.51

1.79 0.000 0.00
1.42 0.000 0.00

1.01 0.062 1.98

1.68 0.000 0.00
1.57 0.000 0.00

1.21 0.238 7.59

1.98 0.004 0.12
1.54 0.000 0.00

0.96 0.143 4.56

1.80 0.000 0.00
1.59 0.000 0.00

0.87 0.117 3.74

1.84 0.000 0.00
1.40 0.000 0.00

1.23 0.061 1.93

1.70 0.000 0.00
1.56 0.000 0.00

1.31 0.031 0.98

1.98 0.000 0.00
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A nucleation potential of -1800 mV is applied for 20 ms and 0 to -600 mV
growth pulses applied for 30s and 60 s.

Egrowth 30s 30s 30s 30s 60 s 60s 60 s 60s
S.R.p; E.A.aw S.-Riay

|
|
—
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
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Scanning electron microscopy (SEM) images of a gold electrode after
electrochemical deposition of platinum using the double pulse potential
method.

Platinum had been deposited onto unmodified gold electrode with a
nucleation potential of -1000 mV for 20 ms and a growth potential of 0 mV to -
600 mV for 30s.

$3400 5 00k 2mm x10.0k SE
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Platinum had been deposited onto unmodified gold electrode with a
nucleation potential of -1200 mV for 20 ms and a growth potential of 0 mV to -

600 mV for 30s.
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Platinum had been deposited onto unmodified gold electrode with a
nucleation potential of -1400 mV for 20 ms and a growth potential of 0 mV to -

600 mV for 30s.

Omm x10.0k SE.
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Platinum had been deposited onto unmodified gold electrode with a

nucleation potential of -1600 mV for 20 ms and a growth potential of 0 mV to -
600 mV for 30s.
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Platinum had been deposited onto unmodified gold electrode with a
nucleation potential of -1800 mV for 20 ms and a growth potential of 0 mV to -

600 mV for 30s.

$3400 5.00KV

246



Scanning electron microscopy (SEM) images of a gold electrode after
electrochemical deposition of platinum using the double pulse potential
method.

Platinum had been deposited onto unmodified gold electrode with a
nucleation potential of -1000 mV for 20 ms and a growth potential of 0 mV to -
600 mV for 60s.

5 00um [ S34005 00KV Tmm 58 01
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Platinum had been deposited onto unmodified gold electrode with a
nucleation potential of -1200 mV for 20 ms and a growth potential of 0 mV to -

600 mV for 60s.
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Platinum had been deposited onto unmodified gold electrode with a
nucleation potential of -1400 mV for 20 ms and a growth potential of 0 mV to -

600 mV for 60s.

Mt
$34005 00KV 9 2mm x9 00K SE
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Platinum had been deposited onto unmodified gold electrode with a
nucleation potential of -1600 mV for 20 ms and a growth potential of 0 mV to -

600 mV for 60s.

$3400 5 00kY 10 4mm x9 50k SE

34005 00KV 10 dmm 18 50K SE N m 34

$3400 5,00kV'9 Omm Xt Ok SE
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Platinum had been deposited onto unmodified gold electrode with a

nucleation potential of -1800 mV for 20 ms and a growth potential of 0 mV to -
600 mV for 60s.
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Comparison of the electrochemical area (E.A.) and surface roughness factor
(S.R.) values of the gold oxide and platinum oxide peaks of a gold disc
electrode after modification with an alkanethiol monolayer, after platinum
deposition from a 1mM chloroplatinic acid hydrate solution in 0.5 M H,SO, and
after desorption of the platinum nanoparticles, using a current jump.

A -1000 mV nucleation pulse is applied for 20 ms and 0 to -600 mV growth
pulses applied for 30 s and 60 s onto a modified electrode.

30s 30s 30s
E.A.au | S-Riay

252



A -1200 mV nucleation pulse is applied for 20 ms and 0 to -600 mV growth
pulses applied for 30 s and 60 s onto a modified electrode.

Egrowth 30s 30s 30s 30s 60 s 60s 60s
E.A.au S.R.au S.R.p; E.A.au S.R.ay

|
l
|
|
|
|
|
|
|
|
|
[ 0.061 |
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A -1400 mV nucleation pulse is applied for 20 ms and 0 to -600 mV growth
pulses applied for 30 s and 60 s onto a modified electrode.

30s 30s 30s 30s 60 s 60 s 60s
E.A.n. | S-R.ay E.A.5, S.R.au
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A -1600 mV nucleation pulse is applied for 20 ms and 0 to -600 mV growth
pulses applied for 30 s and 60 s onto a modified electrode.

Egrowth 30s 30s 30s 30s 60 s 60 s 60s 60s
E.A.au S.R.au S.R.p; E.A.au S.R.ay
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A -1800 mV nucleation pulse is applied for 20 ms and 0 to -600 mV growth
pulses applied for 30 s and 60 s onto a modified electrode.

| H—— 30s 30s 30s 30s 60 s 60s 60s 60s
E.A.au S.R.au S.R.p; E.A.au S.R.ay

|
|
|
|
|
|
|
|
|
|
|
(o6 |
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Scanning electron microscopy (SEM) images of a gold electrode after
electrochemical deposition of platinum using the double pulse potential
method.

Platinum had been deposited onto a monolayer template with a nucleation

potential of -1000 mV for 20 ms and a growth potential of 0 mV to -600 mV for
30 s.

3400 5 00KV .3 10 [k SE NN Sohn lsuoiz000 s tmmisokse Ut s00um | su00s0okvarmmaookse U Bdoum

$3400 5.00kV 9 2mm x7.00k SE
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Platinum had been deposited onto a monolayer template with a nucleation
potential of -1200 mV for 20 ms and a growth potential of 0 mV to -600 mV for
30 s.

" " & 0oum Ji 3400 5.00kY 9.2mm 16 00k SE

$3400 20.0kV 9 Omm x8,00k SE
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Platinum had been deposited onto a monolayer template with a nucleation
potential of -1400 mV for 20 ms and a growth potential of 0 mV to -600 mV for
30 s.

$3400 20 0kV 8 4mm x10.0k SE
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Platinum had been deposited onto a monolayer template with a nucleation

potential of -1600 mV for 20 ms and a growth potential of 0 mV to -600 mV for
30 s.

' g 0tum [ 53400 5 00KV 9 dmppct SOU8E
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Platinum had been deposited onto a monolayer template with a nucleation
potential of -1800 mV for 20 ms and a growth potential of 0 mV to -600 mV for
30 s.
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Scanning electron microscopy (SEM) images of a gold electrode after
electrochemical deposition of platinum using the double pulse potential
method.

Platinum had been deposited onto a monolayer template with a nucleation

potential of -1000 mV for 20 ms and a growth potential of 0 mV to -600 mV for
60 s.
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Platinum had been deposited onto a monolayer template with a nucleation

potential of -1200 mV for 20 ms and a growth potential of 0 mV to -600 mV for
60 s.

53400 § 00KV 9:8mm #8 50k SE
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Platinum had been deposited onto a monolayer template with a nucleation
potential of -1400 mV for 20 ms and a growth potential of 0 mV to -600 mV for
60 s.
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Platinum had been deposited onto a monolayer template with a nucleation
potential of -1600 mV for 20 ms and a growth potential of 0 mV to -600 mV for
60 s.
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Platinum had been deposited onto a monolayer template with a nucleation
potential of -1800 mV for 20 ms and a growth potential of 0 mV to -600 mV for
60 s.
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Scanning electron micrograph (SEM) images a gold electrode after dropcasting
the centrifuged desorbed platinum nanoparticles onto the surface.

Platinum had initially been deposited onto unmodified gold with a nucleation

potential of -1000 mV for 20 ms and a growth potential of 0 mV to -600 mV for
30 s.
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Platinum had initially been deposited onto unmodified gold with a nucleation
potential of -1200 mV for 20 ms and a growth potential of 0 mV to -600 mV for

30 s.

$3400 5.00kV 8.5mm x7.50k SE
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Platinum had initially been deposited onto unmodified gold with a nucleation
potential of -1400 mV for 20 ms and a growth potential of 0 mV to -600 mV for
30 s.

$3400 5.00kV 8.0mm x6 04
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Platinum had initially been deposited onto unmodified gold with a nucleation

potential of -1600 mV for 20 ms and a growth potential of 0 mV to -600 mV for
30 s.
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Platinum had initially been deposited onto unmodified gold with a nucleation
potential of -1800 mV for 20 ms and a growth potential of 0 mV to -600 mV for

30 s.

5 00um Jlil 53400 5.00kV 9 Omm x8 00k SE
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Scanning electron micrograph (SEM) images of a gold electrode after
dropcasting the centrifuged desorbed platinum nanoparticles onto the surface.

Platinum had initially been deposited onto unmodified gold with a nucleation
potential of -1000 mV for 20 ms and a growth potential of 0 mV to -600 mV for
60 s.
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Platinum had initially been deposited onto unmodified gold with a nucleation
potential of -1200 mV for 20 ms and a growth potential of 0 mV to -600 mV for

60 s.

$3400 3 09V § 5mim 37,00 SE

273



Platinum had initially been deposited onto unmodified gold with a nucleation
potential of -1400 mV for 20 ms and a growth potential of 0 mV to -600 mV for
60 s.
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Platinum had initially been deposited onto unmodified gold with a nucleation
potential of -1600 mV for 20 ms and a growth potential of 0 mV to -600 mV for

60 s.

53400 5 00KV 8 1mm x6 56k SE
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Platinum had initially been deposited onto unmodified gold with a nucleation
potential of -1800 mV for 20 ms and a growth potential of 0 mV to -600 mV for

60 s.
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Scanning electron micrograph (SEM) images of a gold electrode after
dropcasting the centrifuged desorbed platinum nanoparticles onto the surface.

Platinum had initially been deposited onto a self-assembled monolayer

modified gold electrode, with a nucleation potential of -1000 mV for 20 ms and
a growth potential of 0 mV to -600 mV for 30 s.
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Platinum had initially been deposited onto a self-assembled monolayer
modified gold electrode, with a nucleation potential of -1200 mV for 20 ms and

a growth potential of 0 mV to -600 mV for 30 s.
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Platinum had initially been deposited onto a self-assembled monolayer
modified gold electrode, with a nucleation potential of -1400 mV for 20 ms

and a growth potential of 0 mV to -600 mV for 30 s.
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Platinum had initially been deposited onto a self-assembled monolayer

modified gold electrode, with a nucleation potential of -1600 mV for 20 ms
and a growth potential of 0 mV to -600 mV for 30 s.
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Platinum had initially been deposited onto a self-assembled monolayer

modified gold electrode, with a nucleation potential of -1800 mV for 20 ms
and a growth potential of 0 mV to -600 mV for 30 s.
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Scanning electron micrograph (SEM) images of a gold electrode after
dropcasting the centrifuged desorbed platinum nanoparticles onto the surface.

Platinum had initially been deposited onto self-assembled monolayer modified

evaporated gold on glass, with a nucleation potential of -1000 mV for 20 ms
and a growth potential of 0 mV to -600 mV for 60 s.
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Platinum had initially been deposited onto self-assembled monolayer
modified evaporated gold on glass, with a nucleation potential of -1200 mV for

20 ms and a growth potential of 0 mV to -600 mV for 60 s.
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Platinum had initially been deposited onto self-assembled monolayer
modified evaporated gold on glass, with a nucleation potential of -1400 mV for
20 ms and a growth potential of 0 mV to -600 mV for 60 s.
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Platinum had initially been deposited onto self-assembled monolayer
modified evaporated gold on glass, with a nucleation potential of -1600 mV for
20 ms and a growth potential of 0 mV to -600 mV for 60 s.
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Platinum had initially been deposited onto self-assembled monolayer
modified evaporated gold on glass, with a nucleation potential of -1800 mV for

20 ms and a growth potential of 0 mV to -600 mV for 60 s.
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ABSTRACT: Self-assembled monolayers (SAMs) of dodecanethiol have been
formed on gold electrodes to produce nanoscale defects. These defects define
nucleation sites for the electrodeposition of mushroom shaped platinum
nanoparticles (PtNPs). The top surfaces of these PtNPs have been selectively
functionalized with single stranded probe DNA. These regioselectively
modified particles were desorbed by applying a current jump to yield
nanoparticles capable of biorecognition on the top curved side and efficient
electrocatalysis on the nonfunctionalized lower surface. A second electrode was
functionalized with single stranded capture DNA that has a sequence that is
complementary to the pathogen, Staphylococcus aureus but leaves a section of
the target available to bind the probe strand immobilized on the PtNPs.
Following hybridization of the target and capture strands, the surface was
exposed to the probe DNA labeled electrocatalytic PtNPs. Target binding was
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detected by monitoring the current associated with the reduction of hydrogen peroxide in a solution of 0.01 M H,SO,.
Calibration plots of the log[DNA] versus faradaic current were linear from 10 pM to 1 #M and picomolar concentrations could
be detected without the need for amplification of the target, for example, using PCR or NASBA. As well as a wide dynamic range,
this detection strategy has an excellent ability to discriminate DNA mismatches and a high analytical sensitivity.

he ability to modify the size and structure of nanoma-

terials so as to control their properties has led to novel
sensors and the enhanced gerformance of bioanalytical
assays.' > Extensive research* ® has been carried out on the
catalytic properties of platinum nanoparticles (PtNPs) for many
reactions including water and peroxide reduction. These
reactions are of pivotal importance for fuel cells,*”~°
photoelectrochemical cells,” metal—air batteries,'" water
electrolysis and chemical sensors.* PtNPs have also been
applied to medical applications, for example, the oxidation of
glucose in blood sugar sensors and the construction of
biological fuel cells. Nanoparticles functionalized with nucleic
acids represent a powerful approach to creating complex
hierarchical nanostructures as well as proving useful for the
highly sensitive detection of diseases biomarkers."' However,
an ongoing challenge in this area is to create nanoparticles that
are functionalized such that different binding chemistries, or
functions, exist in different regions of the particles. Particles of
this kind would allow complex, but well-defined, anisotropic
structures to be created. Equally, for sensing applications, the
very different demands of molecular recognition (e.g, DNA
hybridization), and detection (e.g, electrocatalysis) can be
optimized on a single particle. In this contribution, we
demonstrate that electrodeposited nanoparticles can be
regioselectively functionalized with probe strand DNA and
desorbed from the electrode while retaining the functionality of
the bound nucleic acid. This principle is demonstrated using
the DNA sequence from the specific strain of Staphylococcus
aureus that causes mastitis (mammary gland inflammation).

-4 ACS Publications  © 2012 American Chemical Society
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Significantly, beyond the ability to create regioselective
functionalized platinum nanoparticles, we demonstrate that
these particles are capable of detecting DNA with high
sensitivity and selectivity. This result is important since, due
to the low concentrations of pathogen present before clinical
symptoms become apparent, the target DNA must typically be
amplified, for example, using PCR or NASBA. However,
molecular amplification is costly, time-consuming, and labor
intensive. Direct detection methodologies, for example,
involving amplified electrochemical detection, avoid the need
for target amplification.

As illustrated in Scheme 1, the approach is based on
electrodepositing platinum nanoparticles using defects within a
dodecanethiol monolayer as templates. The top surface of these
PtNPs is functionalized with thiol terminated probe strand
DNA. Then, a current step is applied to melt the nanowire
connecting the hemispherical nanoparticle to the electrode
causing rapid desorption of the DNA functionalized PtNPs.
These DNA labeled electrocatalytic particles are then used in a
hybridization assay to determine the concentration of the target
by measuring the faradaic current associated with reduction of
peroxide in solution. This approach can easily be extended to
reduction of water, which, in the case of biological samples, can
come from the sample itself.
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Scheme 1. Platinum Nanoparticle Formation and
Regioselective DNA Functionalisation
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B EXPERIMENTAL SECTION

Materials. Dodecanethiol was obtained from Sigma Aldrich.
The buffer, denoted as 1 M NaCI-TE, contained 1.0 M NaCl,
10 mM Tris-HCI, and 1 mM ethylenediaminetetraacetic acid
(adjusted to pH 7.0 by adding 1.0 M NaOH) and was used for
DNA hybridization. Platinum nanoparticles (diameter S0—70
nm) for uniform functionalization with probe strand DNA were
purchased from Particular GmbH. All aqueous solutions were
prepared using Milli-Q water. The oligonucleotides were
purchased from Eurogenec and their purity was >98%. The
base sequences were as follows.

Capture: 5- CGG-CAG-TCT-TTA-TCA-3"-SH

Target: 5-TGA-TAA-ACA-CTG-CCG-TTT-GAA-GTC-
TGT-TTA-GAA-GAA-ACT-TA-3’

Probe: SH-5-AT-AGT-TTC-TTC-TAA-ACA-GAC-3'

1 Base Mismatch:5-TGC-TAA-ACA-CTG-CCG-TTT-
GAA-GTC-TGT-TTA-AAA-GAA-ACT-TA-3’

3 Base Mismatch:5-TGC-TAA-ACA-CTG-CCG-CTT-
GAA-GTC-TGT-TTA-GAT-GAA- ATA-TA-3’

Instrumentation. A three-electrode electrochemical cell
was used at a temperature of 22 + 2 °C. The working electrode
was a 2 mm radius planar gold disc. It was polished with a
nylon cloth with 1 ym diamond polish and thoroughly rinsed
with Milli-Q_water and ethanol before sonication in Milli-Q_
water for 5 min. Voltammetry in acid was used to determine the
surface roughness factor by scanning the electrode between
+1.500 and —0.300 V. The counter electrode was a large area
coiled platinum wire and a silver/silver chloride (Ag/ AgCl in 3
M KClI) acted as reference.

Monolayer Self-Assembly. The gold electrodes were
cleaned by placing them in piranha solution (3:1 mixture of
sulfuric acid and 30% hydrogen peroxide (Caution, this mixture
reacts violently with organic material!) for 20 min, followed by
thorough rinsing with ultra pure water. The electrode was then
scanned between +1.500 and —0.300 V in 0.01 M H,SO, to
measure the surface roughness of the gold electrode and to
ensure that the electrode is electrochemically clean. Afterward,
the gold disc electrode was washed with ethanol and then
placed in a 1 mM solution of dodecanethiol in ethanol and
monolayer self-assembly was allowed to proceed for 7 h. After
the formation of the monolayer, the substrate was rinsed 4 to 5
times with ethanol and dried under a N, stream.
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DNA Probe Immobilization and Hybridization. STEP 1:
Fabrication of Regioselectively DNA Functionalized Plati-
num Nanopatrticles. Platinum nanoparticles, PtNPs, were
electrodeposited from 1 mM hydrogen hexachlorideplatinate
(IvV) hydrate (H,PtClg) in 0.5 M H,SO, using the defects
within the self-assembled monolayer as templates. Subse-
quently, in Step 1B, the PtNPs were functionalized with probe
oligo (S’ thiolate) by immersing the nanoparticle functionalized
electrode in a 10 yM solution of the probe DNA strand
dissolved in 1 M NaCl-TE Buffer for 2 h. The modified
electrodes were then washed with deionized water for 15 s to
remove loosely bound oligo and immersed in 0.01 M H,SO,.
The oligo functionalized platinum nanoparticles were then
desorbed by applying a current of +0.01 A (reductive) for 120
S.

Step 2A: Monolayer of Capture Strand DNA. A monolayer
of capture strand DNA was prepared on a freshly polished and
electrochemically cleaned gold disc electrode by immersing it in
a 10 uM solution of the capture strand DNA dissolved in 1 M
NaCl-TE Buffer. After S h, the electrode was rinsed with
deionized water for 15 s to remove loosely bound oligo.

Step 2B: Hybridization of Target Oligo to the Capture
Surface. Hybridization of the target at concentrations between
10 pM and 1 pM to the immobilized capture strand was
performed at 37 °C in 1 M NaCl-TE Buffer for 90 min.
Following hybridization, the modified electrode was rinsed
thoroughly with buffer.

Step 2C: Probe Hybridization. The nanoparticle labeled
probe DNA was then hybridized to the complementary section
of the target not used for binding to the capture strand for 2 h
at 37 °C in 1 M NaCl-TE Buffer. Finally, before quantitation, it
was thoroughly washed with deionized water.

Electrochemical Detection of S. aureus ss-DNA Target.
Following assembly of the capture-target-nanoparticle labeled
probe DNA sequence, the modified electrode was placed in an
aqueous solution of 0.01 M H,SO, and the current measured at
—0.250 V after equilibration for 10 min. Then, sufficient
hydrogen peroxide was added to give a final concentration of
200 uM and the reduction current associated with peroxide
reduction at the bound PtNPs was measured at —0.250 V after
10 min. The analytical response was taken as the difference in
current, Ai, measured before and after peroxide addition.

B RESULTS AND DISCUSSION

Self-assembled monolayers of alkane thiols on gold provides
one of the most elegant approaches to creating well-defined and
organized surfaces for biosensor development.'>™'® Panels A
and B of Figure 1 illustrate cyclic voltammograms for the 2 mm
radius gold electrodes before and after deposition of the
defective monolayer, respectively. STM reveals that a
deposition time of 7 h produces an array of well separated
defects that could be used as templates for nanoparticle
deposition. The active surface area can be determined using
voltammetry in 0.01 M H,SO, as the supporting electrolyte by
creating and subsequently reducing a gold oxide monolayer on
the unmodified fraction of the electrode. By comparing the
charge passed before and after monolayer deposition, the area
available for PtNP electrodeposition can be determined. The
area under the gold oxide peak reduction peak centered at
approximately +0.8 V reveals that the electrode area decreased
by approximately 50% following monolayer deposition for 7 h,
that is, there are a substantial number of sites for metal
deposition at the partially blocked surface Deposition of the
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Figure 1. Cyclic voltammograms of (A) 2 mm unmodified gold
electrode, (B) after deposition of a defective C;, monolayer, (C)
following electrodeposition of platinum nanoparticles into the
monolayer defects (D) after the platinum nanoparticles have been
desorbed. The scale bar for panels A and B is 10 A, while for panels C
and D, it is 50 pA. In all cases, the supporting electrolyte is 0.01 M
H,S0, and the scan rate is 100 mV s~". The voltammograms have
been displaced vertically for clarity of presentation.

thiol SAMs decreases the gold area from the value of 0.030 cm*
found for the unmodified electrode (roughness factor of 1.09)
to 0.018 cm®. In addition to the decrease of the gold oxide peak,
a potential shift in the negative potential direction by
approximately 200 mV of both the gold oxide formation, and
subsequent stripping, is observed. This observation indicates
that deposition of the defective alkane thiol monolayer makes it
thermodynamically more facile to deposit and remove gold
oxide within the monolayer defects. This behavior is not
typically observed for defect free monolayers'” where mass
transport to the gold surface is blocked and gold oxide/
hydroxide formation is observed only after partial desorption of
the monolayer occurs. The shift in a negative potential
direction suggests that monolayer formation increases the
electron density of the gold atoms within the defect.
Platinum nanoparticles were deposited into the defects
within the monolayer from a 0.5 M sulfuric acid solution
containing 1 mM hydrogen hexachlorideplatinate (IV) hydrate
(H,PtCly) at applied potentials ranging from +0.2 to —0.35 V
for 180 s. As the applied potential became more negative, the
specific active area of the platinum oxide peak increased.
Concurrently, the gold oxide peak diminished as the PtNPs
were electrochemically deposited. However, as the applied
potential became more negative than —0.25 V, a decrease in
specific active area as well as the catalytic activity was observed
due to the formation of gas bubbles. Figure 1C illustrates the
cyclic voltammogram following nanoparticle deposition at an
applied potential of —0.250 V for 180 s. In the forward scan, the
onset potential for the formation of gold oxide is 1.3 V. In the
reverse scan, the reduction of gold oxide occurs at 0.8 V. After
the electrodeposition of Pt, the peak associated with gold oxide
formation and reduction disappears. The reduction of platinum
oxide to metallic platinum is observed at around 0.3 V and the
peak at approximately —0.25 V is attributed to hydrogen
adsorption/desorption from the platinum nanoparticle sur-

face.”'® Significantly, the microscopic area following deposition

6473

of the platinum nanoparticles is 0.232 cm?, that is. nanoparticle
deposition increases the area available for DNA deposition by a
factor of approximately seven when compared to dodecanethiol
templated electrode; that is, the PtNPs are definitely mushroom
shaped. Following binding of the probe oligo, a short current
pulse at a current density of approximately +100 mA cm™ was
applied to the nanoparticle modified electrode with the
objective of melting the nanowire connecting the hemispherical
nanoparticle to the electrode. These rather aggressive
conditions were used to rapidly desorb the nanoparticles,
which, once in solution, diffuse away from the electrode surface
thus minimizing the opportunity for damage to the bound
DNA. Figure 1D illustrates the apparent decrease in peak
height in both the reduction and oxidation process for the
platinum oxide peaks after desorption of the PtNPs.
Significantly, the gold oxide peak is substantially larger than
that found for the bare electrode suggesting that the current
step removes not only the platinum nanoparticles, but also the
templating alkane thiol monolayer and probably induces
additional surface roughening. The interfacial capacitance can
also provide a significant insight into nanoparticle formation.
Formation of the templating monolayer decreases the
interfacial capacitance by a factor of approximately 15 which
increases to twice its initial value following platinum nano-
particle deposition. This behavior is consistent with the
formation of a low dielectric constant monolayer and a
subsequent increase in the electrochemically active electrode
area following nanoparticle electrodeposition.

Scanning Electron Microscopy. Figure 2A shows a
scanning electron microscope (SEM) image of the gold

Figure 2. (A) SEM images of a gold electrode following deposition of
the templating monolayer and electrodeposition of platinum nano-
particles for 30 s. (B) Drop cast film of desorbed nanoparticles from
suspension. The acceleration voltage is 20 kV.

electrode following deposition of the defective alkane thiol
template for 7 h and electrodeposition of the platinum
nanoparticles using a deposition time of 30 s. The image
reveals a relatively high surface coverage of nanoparticles with a
radius of 80 + 40 nm. Figure 2B shows an image for a gold
substrate onto which a droplet of the suspended nanoparticles
has been drop cast and allowed to dry. This image reveals that
desorption does not change the average particle size
significantly and a relatively high concentration of nanoparticles
in the suspension can be achieved. Taking the nanoparticle
radius of 80 nm in conjunction and the fact that the top
hemispherical surface area, as obtained from voltammetry in
acidic solution, is seven times larger than the underlying defect,
the average defect diameter is estimated to be approximately 40
nm. This particle shape will result in approximately two-thirds
of the total nanoparticle surface (hemisphere) being modified
by probe strand DNA with at least one-third (disc) being
unmodified and available for efficient electrocatalysis. Rough-
ening of the unmodified surface during nanoparticle desorption
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is likely to increase the fractional surface area available for
electrocatalysis. Surface diffusion of the thiolated probe strand
DNA on the platinum nanoparticles, perhaps enabled by free
surface area due to partial DNA stripping during nanoparticle
desorption, may cause the modified and unmodified regions to
become less well-defined over time. However, due to the slow
rates of surface diffusion of thiols on metals,"”! this
scrambling is likely to be significant only at long times, but
may have implications for long-term storage of the
regioselectively modified nanoparticles.

Binding of Regioselectively Decorated Nanoparticles.
The electrodeposited PtNPs, functionalized only on their upper
surface with capture oligos, were desorbed into aqueous
solution using the current jump technique. It is essential to
determine the electrocatalytic activity and DNA binding ability
of these desorbed particles. As illustrated in Scheme 1, an
electrode, modified with a DNA capture strand was first
allowed to hybridize with the target strand, part of which is
complementary to the capture strand. This electrode was then
placed into the NP suspension for 90 min during which time
the nonhybridized section of the target hybridizes with the
oligo bound to the metal nanoparticle providing the DNA has
not removed by the nanoparticle desorption process. Figure 3A

Iso pA (A)

(B)

T g T T

16 0.1
E / Volts

Figure 3. (A) Cyclic voltammogram of a 2 mm radius gold disc
electrode after electrodeposition of the platinum nanoparticles and
functionalization with probe DNA (image 3 of Scheme 1). (B) Cyclic
voltammogram of a 2 mm radius gold disc electrode after modification
with capture strand DNA and hybridization with the target and
nanoparticle labeled probe sequence where the target strand
concentration is 10 uM. The supporting electrolyte is 0.01 M
H,SO, and the scan rate is 100 mV s\,

04

illustrates the voltammogram obtained for an electrode in 0.01
M H,SO0, after electrodeposition of the platinum nanoparticles
and functionalization with probe strand DNA. Figure 3B shows
the response obtained for a pristine gold electrode modified
with capture strand DNA after both the target and nanoparticle
functionalized probe strand hybridization steps have occurred.
Both of these figures show well-defined peaks at approximately
+0.25 and —0.07/—0.20 V associated with the reduction of
platinum oxide and hydrogen adsorption/desorption, respec-
tively. These observations indicate successful binding of the
nanoparticles suggesting that the DNA functionalized platinum
nanoparticles can be put into suspension using the current
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jump approach. Significantly, control experiments in which
platinum nanoparticles functionalized with probe strand DNA
are exposed to freshly polished gold electrodes do not exhibit
any measurable peaks associated with platinum oxide formation
or reduction (Supporting Information). This result suggests
that nonspecific binding of the platinum nanoparticles is not a
significant issue and the probe labeled PtNPs will not bind
significantly in the absence of a capture strand monolayer.
Similarly, control experiments in which the target is not added
or where the nanoparticles are either not functionalized with
DNA, or are functionalized with entirely noncDNA, do not
exhibit features associated with platinum oxide or hydrogen
adsorption.

Electrochemical Detection of S. aureus DNA. Platinum
nanoparticles are well-known to catalyze the reduction of
hydrogen peroxide. As described in the Experimental Section,
the probe-labeled PtNPs were hybridized with the section of
the target sequence not used to hybridize to the capture strand
immobilized on the electrode. Here, the catalytic activity of the
platinum nanoparticles bound through DNA hybridization
(Step 2-C in Scheme) was assessed by monitoring the
difference in current associated with the reduction of hydrogen
peroxide in a solution of 0.01 M H,SO, before and after
peroxide addition. Figure 4 shows the semi-log concentration
versus Ai calibration curves. In each case, an acceptably linear
response is observed for concentrations of sequence-specific
DNA from S. aureus from 10 pM to 1 uM. The sensitivity of the
bare electrode is 7.0 X 107° uA, reflecting the poor
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Figure 4. Calibration curves for the electrochemical detection of S.
aureus mastitis DNA on a 2 mm diameter bare electrode following
hybridization with probe DNA that is labeled with PtNPs (4) and
where the probe is unlabeled (M). The response of the electrode used
to create the PtNPs after the nanoparticles have been desorbed is also
shown (A). A control experiment showing the dependence of Ai on
the target strand DNA concentration using PtNPs that are uniformly
functionalized with probe strand DNA (X). In all cases, the solution
contains 200 uM H,0, in aqueous 0.01 M H,SO,. Ai represents the
difference in current before and after addition of the H,O, at an
applied potential of —0.250 V. Where error bars are not visible, they
are smaller than, or comparable to, the size of the symbols.
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electrocatalytic properties of the DNA modified gold electrode.
These low currents in the absence of PtNP labels indicate that
the background current associated with direct reduction of
hydrogen peroxide at the underlying electrode is low. This
result is significant since the magnitude of this background
current will directly influence the limit of detection. In sharp
contrast, the sensitivity of the assay involving platinum
nanoparticle labeled probe strands is approximately 20 000
times larger, 1.3 pA, than that found in the label free assay. This
dramatically higher sensitivity and wide linear dynamic range
indicates that the desorbed nanoparticles retain both their
electrocatalytic and DNA binding capabilities. Also, the high
current density observed suggests that heterogeneous electron
transfer from the platinum nanoparticles, through the DNA
linker, to the underlying electrode is relatively facile. The
electrocatalytic current is also likely to be enhanced by efficient
radial mass transfer of H,0O, to the metal nanoparticles. Figure
4 also shows the response when the DNA hybridization assay is
performed using the electrode on which the regioselectively
modified platinum nanoparticles were deposited and sub-
sequently desorbed. If the PtNPs were completely removed
using the current jump approach, then the behavior of this
electrode ought to be indistinguishable from that observed for
the bare electrode. The observation that the sensitivity is only
approximately S-fold lower than the assay based on PtNP
labeled probe DNA indicates that a significant population of the
nanoparticles are not desorbed by the current jump technique,
that is, we anticipate further increases in the yield of the
regioselectively functionalized nanoparticles by refining the
desorption approach. Figure 4 also shows the dependence of Ai
on the concentration of target strand DNA where the
electrocatalytic platinum nanoparticles are uniformly function-
alized with probe strand DNA. The electrocatalytic current
observed at these homogeneously decorated nanoparticles is
significantly lower than that found for the regioselectively
decorated nanoparticles. Moreover, while the response is
acceptably linear for target DNA concentrations from 10 pM
to 1 uM, the sensitivity of the uniformly functionalized PtNP is
almost S-fold lower (0.29 ;A) compared to the regioselectively
functionalized particles (1.32 pA). The lower electrocatalytic
currents and analytical sensitivity observed suggests that while
the DNA layer is sufficiently porous to allow hydrogen peroxide
access to the surface of the platinum nanoparticle, electro-
catalysis is relatively less efficient. Thus, the physical separation
of the molecular recognition and signal generation sites on each
nanoparticle improves the overall analytical performance.

The selectivity of the sensor was also investigated using a
target DNA sequence that contained a single mismatch.
Significantly, the Ai observed for this one base mismatch
DNA sequence was a factor of 4 smaller than that found for the
fully complementary sequence suggesting a high discrimination
ability. Moreover, Staphylococcus epidermis, which has 3 base
mismatches, gives no measurable current response demonstrat-
ing the system is robust with respect to false positives. This
result is particularly important since S. epidermis can often be
mistaken for S. aureus and its presence incorrectly associated
with mastitis. It also further confirms that the bound DNA has
not been denatured as the particles are desorbed off the
electrode surface.

B CONCLUSIONS

Robust, low cost detection of low concentrations of infectious
species and genetic mutation demands the development of

6475

novel high sensitivity detection strategies which can lead to a
reliable diagnosis before any clinical symptoms of a disease
appear. In addition, the development and expansion of novel
therapeutics based on the regulation of gene expression can
provide innovative new opportunities in the area of
pharmaceutical science. Here, we demonstrate an approach
that allows platinum nanoparticles to be regioselectively
functionalized (upper surface only) with DNA while the
remainder of the particles surface is unmodified allowing
efficient electrocatalysis to occur. Significantly, the DNA
remains bound and functional following desorption and the
nanoparticles can selectively detect target strand DNA at
picomolar concentrations. The assay is characterized by a wide
dynamic range, high sensitivity, a low detection limit, and an
excellent ability to discriminate against interferences.
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Suspensions of electrocatalytic platinum nanoparticles with radii as small as 78.9 & 3.5 nm that are
functionalised with DNA only in one region have been created using templated electrodeposition. The
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integrity of the bound DNA following nanoparticle desorption from the electrode is demonstrated by

detecting attomolar concentrations of DNA without the need for molecular, e.g., PCR or NASBA,
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Introduction

The production of platinum nanoparticles (PtNPs) whose
optical and electrochemical properties can be controlled by
varying their size, has led to novel sensors and high perfor-
mance bio-analytical assays.'® Noble nanoparticles, such as
platinum, can electrocatalytically reduce hydrogen peroxide
(H,0,) and have been extensively used for sensing applica-
tions.*® These reactions are of fundamental importance for fuel
cells,*”® photoelectrochemical cells,” metal-air batteries,"
water electrolysis and chemical sensors, e.g., the determination
of glucose in blood sugar.*

We previously described the regioselective functionalisation
of metal nanoparticles that were functionalised on one side
with DNA while the opposite side was electrocatalytically
active."* The regioselective, hemi-spherical gold nanoparticles
were obtained by laying a thiolated self-assembled monolayer
onto the gold electrode surface before deposition. These parti-
cles were capable of detecting target DNA at picomolar
concentrations in a DNA hybridisation assay. However, when
the concentration of the target DNA is ultralow, very few elec-
trocatalytic nanoparticles will be bound to the electrode surface.
Under these circumstances, the nanoparticle size distribution
will have a significant impact on the reproducibility of the
current generated by the captured nanoparticles. Specifically,
since the electrocatalytic current is proportional to the nano-
particle surface area, capturing a small number of randomly
sized particles from within a size polydisperse population will
lead to significant variation in the electrocatalytic current for a
given target DNA concentration.
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amplification. Double potential step approaches coupled with interface engineering via nucleation sites
allows PtNPs to be created with controlled particle size and density in a facile and reproducible manner.

In this contribution, we report on the formation of PtNPs
using a combination of defects within a self-assembled mono-
layer and the double potential step, i.e., nucleation and growth,
pioneered by Penner'” so as to achieve a narrow particle size
distribution. In order to achieve instantaneous nucleation
without having a large driving force for growth, and to control
the uniformity of the electrodeposited nanoparticles, it is
necessary to separate the nucleation and growth steps. A
nucleation pulse with a large overpotential is needed to achieve
instantaneous nucleation which forms nuclei on the surface of
the electrode. The potential is then changed to a lower potential
so that these nuclei can be grown at the desired rate. This
method was first proposed as a means of particle size distri-
bution control* and has been used extensively.**"”

Here, we demonstrate that electrodeposited nanoparticles
can be regio-selectively functionalized with probe strand DNA
and desorbed from the electrode while retaining the function-
ality of the bound nucleic acid. Particles functionalized in a
regio specific manner would allow for different linkers, e.g.,
assorted DNA sequences or antibodies and nucleic acids, to be
co-immobilized in distinct areas giving superior control over
the direction of assembly and facilitating multianalyte detec-
tion using a single nanoparticle. This principle is demonstrated
using the DNA sequence from the specific strain of S. aureus
that causes mastitis (mammary gland inflammation). Signifi-
cantly, beyond the ability to create regio selective functionalized
platinum nanoparticles, we demonstrate that these particles are
capable of detecting DNA with high sensitivity and selectivity.
This result is important since, due to the low concentrations of
pathogen present before clinical symptoms become apparent,
the target DNA must typically be amplified, e.g., using PCR or
NASBA. Direct detection methodologies, e.g., involving
amplified electrochemical detection, avoid the need for target
amplification that is costly, time consuming and labour
intensive.

This journal is © The Royal Society of Chemistry 2013
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Scheme 1 Platinum nanoparticle formation and regio-selective DNA
functionalization.

As illustrated in Scheme 1, the approach is based on elec-
trodepositing platinum nanoparticles using defects within a
dodecanethiol monolayer as templates. The top surface of these
PtNPs is functionalized with thiol terminated probe strand
DNA. Then, a current step is applied to melt the nanowire
connecting the hemispherical nanoparticle to the electrode
causing rapid desorption of the DNA functionalized PtNPs.
These DNA labelled electrocatalytic particles are then used in a
hybridization assay to determine the concentration of the target
by measuring the faradaic current associated with reduction of
peroxide in solution. This approach can easily be extended to
reduction of water, which, in the case of biological samples, can
come from the sample itself.

Results and discussion

The formation of self assembled monolayers (SAMs) of alkane
thiols on gold is well known to involve rapid adsorption to
create films with a high defect density which slowly anneal to
give a perfect monolayer. Fig. 1(A) and (B) illustrate cyclic vol-
tammograms for the 2 mm radius gold electrodes before and
after deposition of the defective monolayer, respectively. The
active surface area can be determined using voltammetry in 0.01
M H,SO, as the supporting electrolyte by creating and subse-
quently reducing a gold oxide monolayer on the unmodified
fraction of the electrode. By comparing the charge passed
before and after monolayer deposition, the area available for
PtNP electrodeposition can be determined. The area under
the gold oxide peak reduction peak centered at approximately
+0.8 V reveals that the electrode area decreased from the value
of 0.035 cm” found for the unmodified electrode (roughness
factor of 1.1) to 0.028 cm? following monolayer deposition, ie.,
there are a substantial number of sites for metal deposition at
the partially blocked surface. Platinum nanoparticles were
deposited into the defects within the monolayer from a 0.5 M
sulphuric acid solution containing 1 mM hydrogen hexa-
chloroplatinate(iv) hydrate (H,PtClg) with a nucleation pre-pulse

This journal is © The Royal Society of Chemistry 2013
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Fig. 1  Cyclic voltammograms in 0.1 M H,SO,4 of: (A) 2 mm unmodified gold
electrode, (B) after deposition of a defective C;; monolayer, (C) following elec-
trodeposition of platinum nanoparticles into the monolayer defects (D) after the
platinum nanoparticles have been desorbed. The scale bar for (A) and (B) are
10 pA while for (C) and (D) it is 20 pA. The counter electrode was a large area
platinum wire and the reference electrode was a saturated Ag/AgCl (3 M KCl).
The scan rate is 100 mV s~ The voltammograms have been displaced vertically
for clarity.

of —1600 mV for 20 ms and growth potential of —200 mV. It was
established that the greatest nucleation densities were attained
at nucleation potentials (E,,) negative of —1000 mV with
nucleation density reducing significantly at potentials negative
of —1600 mV presumably due to hydrogen evolution. The
optimised growth conditions were —200 mV for 60 s. As the
specific active area of the platinum oxide peak increased, the
gold oxide peak diminished as the PtNPs were electrochemically
deposited. Fig. 1(C) illustrates the cyclic voltammogram
following nanoparticle deposition. In the forward scan, the
onset potential for the formation of gold oxide is 1.5 V. In the
reverse scan, the reduction of gold oxide occurs at +0.8 V. The
reduction of platinum oxide to metallic platinum is observed at
approximately +0.3 V and the peak at approximately —0.258 V is
attributed to hydrogen adsorption/desorption from the plat-
inum nanoparticle surface.**® Significantly, the microscopic
area following deposition of the platinum nanoparticles is
0.236 cm?, ie nanoparticle deposition increases the area
available for DNA deposition by a factor of approximately 8.4
when compared to the dodecanethiol templated electrode, i.e.,
the PtNPs are definitely mushroom shaped. Following binding
of the probe oligo, a short current pulse at a current density of
approximately +100 mA cm™ > was applied to the nanoparticle
modified electrode with the objective of melting the nanowire
connecting the hemispherical nanoparticle to the electrode.
These rather aggressive conditions were used to rapidly desorb
the nanoparticles, which, once in solution, diffuse away from

Analyst, 2013, 138, 4340-4344 | 4341
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the electrode surface thus minimizing the opportunity for
damage to the bound DNA. Fig. 1(D) shows that the peak
heights associated with both platinum oxide reduction and
hydrogen adsorption/desorption are both dramatically lower
after desorption of the PtNPs. Significantly, the gold oxide peak
is substantially larger than that found for the dodecanethiol
templated electrode suggesting that the current step not only
removes the platinum nanoparticles but also the templating
alkane thiol monolayer.

Fig. 2 shows an SEM image of the regioselectively modified
nanoparticles as well as the particle size distribution. The mean
particle size is 78.9 + 3.5 nm indicating that the size distribu-
tion of the desorbed nanoparticles produced by the combina-
tion of a templating defect and double potential step
electrodeposition is very narrow. This narrow distribution will
improve the reproducibility of DNA detection when the
concentration of the target is low. It is challenging to accurately
determine the size distribution of the templating defects in the
monolayer using SEM. However, it is clear that even with an
electrodeposition time of 60 s that the radius of the nano-
particles typically exceeds the size of the defects by at least 50%,
i.e., the electrodeposited nanoparticles are mushroom shaped.
This particle shape will result in approximately two thirds of the
total nanoparticle surface (hemisphere) being modified by
probe strand DNA with approximately one third (disk) being
unmodified and available for electrocatalysis.

The electrocatalytic activity and DNA binding ability needs
to be determined for the released PtNPs. As illustrated in

S3400 5 00kV 9 6mm x7 50k SE

Fig. 2 SEM images of (A) a gold electrode following deposition of the tem-
plating monolayer and electrodeposition of platinum nanoparticles for 60 s.
(B) Drop cast film of desorbed nanoparticles from suspension. The acceleration
voltage is 5 kV.
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Scheme 1, an electrode modified with DNA capture strands was
first allowed to hybridize with the target strand, part of which is
complementary to the capture strand. This electrode was then
placed into the NP suspension for 90 minutes during which
time the non-hybridized section of the target hybridizes with
the oligo bound to the metal nanoparticle. Fig. 3(A) illustrates
the voltammogram obtained for an electrode in 0.01 M H,SO,
after electrodeposition of the platinum nanoparticles and
functionalisation with probe strand DNA. Fig. 3(B) shows the
response obtained for a pristine gold electrode modified with
capture strand DNA after both the target and nanoparticle
functionalized probe strand hybridization steps have occurred.
Both of these figures show well defined peaks for Pt oxide
formation in the 0.6 to 1.2 V range, reduction of Pt oxide at
approximately +0.3 V, as well as peaks in the range of —0.05 V to
—0.3 V associated hydrogen adsorption/desorption, respec-
tively. These observations indicate successful binding of the
nanoparticles suggesting that the DNA functionalized platinum
nanoparticles can be removed into suspension using the
current jump approach. Control experiments in which the
target is not added or where the nanoparticles are either not
functionalized with DNA, or are functionalized with non-
complementary DNA, do not exhibit features associated with
platinum oxide or hydrogen adsorption.

(A)
(B)
—
19 1.4 09 0.4 0.4 -0.6

E / Volts

Fig. 3 (A) Cyclic voltammogram of a 2 mm radius gold disc electrode after
electrodeposition of the platinum nanoparticles and functionalization with probe
DNA (step 3 of Scheme 1). (B) Cyclic voltammogram of a 2 mm radius gold disc
electrode after modification with capture strand DNA and hybridization with the
target and nanoparticle labelled probe sequence where the target strand
concentration is 1 uM. The supporting electrolyte is 0.01 M H,50,4 and the scan
rate is 100 mV s~

This journal is © The Royal Society of Chemistry 2013
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The analytical performance of the DNA sensor using the
regio-selectively modified nanoparticles was investigated
and compared with that observed for nanoparticles that are
uniformly functionalized with probe DNA. Here, the catalytic
activity of the platinum nanoparticles bound through DNA
hybridization (step 2-C in Scheme 1) was assessed by applying
fixed potential of —0.250 V to the working electrode and the
difference in current associated with the reduction of hydrogen
peroxide in a solution of 0.01 M H,SO,, Ai, between the initial
current observed in the absence of any deliberately added
peroxide and after the addition of H,0,, to the cell to give a final
concentration of 200 pM, was measured. The system was
allowed to equilibrate for ten minutes following peroxide
addition. Fig. 4 shows the dependence of Ai on the log[DNA] for
the two types of DNA functionalised nanoparticles. In both
cases, an acceptably linear response is observed for concentra-
tions of sequence-specific DNA from S. aureus from 1 aM to
1 uM. The high sensitivity as well as the wide linear dynamic
range arises from efficient electrocatalysis as well as an
increased mass transport rate to the nanostructured surface due

E 3.5
g y =0.2128x + 4.1704
R2=0.9806
3.0
2.5 1
2.0 -
15
1.0
y = 0.0186x + 0.7541
R2=0.9742
0.5
y = 0.003x + 0.0872
R2=0.8532
00 l—aaa s s ataaAdatd d
-20 -15 -10 -5 0

Log ([DNA] / M)

Fig. 4 Dependence of the difference in current before and after addition of
H>0; on log[DNA] for a 2 mm diameter bare electrode following hybridization
with probe DNA immobilize regio selectively on PtNPs (@) where the probe is
unlabeled (A) and where PtNPs are uniformly functionalized with probe strand
DNA are used (H). In all cases, H,O, in aqueous 0.01 M H,S04 was added to give
a concentration of 200 pM. Aj represents the difference in current before and
after addition of the H,O, at an applied potential of —0.250 V following
approximately 10 min equilibration time. Where error bars are not visible, they
are smaller than, or comparable to, the size of the symbols.

This journal is © The Royal Society of Chemistry 2013
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to radial diffusion. However, the sensitivity of the response
using regio-selectively modified nanoparticles is more than an
order of magnitude better than the uniformly modified parti-
cles. This improvement arises because of more efficient elec-
trocatalysis at the unmodified portion of the regio-selectively
modified nanoparticles. This result clearly indicates that phys-
ically separating the two functions of the nanoparticles, ie.,
electrocatalysis and molecular recognition, leads to a signifi-
cant improvement in assay performance. In order to probe the
regioselective character of the DNA capture strand modifica-
tion, these particles were suspended in a 5 mM ethanolic
solution of dodecanethiol for 8 hours with the intention of
passivating the electrocatalytic region of the particles. While
recognising that the dodecanethiol could remove some of the
probe strand DNA, the observation that the electrocatalytic
current observed decreases to approximately 10% of that
observed prior to alkane thiol deposition strongly suggests that
the parent particles are regioselectively, rather than uniformly,
modified with probe strands DNA. Moreover, when the probe
strand is not labelled with a PtNP the current observed is less
than 2% of that observed for the DNA labelled particles (Fig. S1,
ESIY). This result indicates that non-specific adsorption is not a
significant issue in this system.

The selectivity of the sensor was also investigated using a
target DNA sequence that contained a single mismatch (Fig. S1,
ESIY). Significantly, the A7 observed for this one base mismatch
DNA sequence was a factor of five smaller than that found
for the fully complementary sequence suggesting a high
discrimination ability. Moreover, S. epidermis, which has 3 base
mismatches, gives no measurable current response demon-
strating the system is robust with respect to false positives
(Table S1, ESIt). This result is particularly important since
S. epidermis can often be mistaken for S. aureus and its presence
incorrectly associated with mastitis. It also further confirms
that the bound DNA has not been denatured as the particles are
desorbed off the electrode surface.

Conclusions

The affect of nucleation and growth modes for electrodeposi-
tion of platinum in monolayer templated gold disc electrodes
was investigated. Here, we demonstrate a two pulse growth
method where, instantaneous nucleation followed by negative
growth potentials could be applied to achieve high density, low
particle size nanoparticles. It was demonstrated that platinum
nanoparticles could be regio-selectively functionalized (upper
surface only) with DNA while the remainder of the particles
surface is unmodified allowing efficient electrocatalysis to
occur. The key advantage of desorbing these particles is
that they can quickly sample the solution for target DNA by
stirring rather than waiting for target strands to arrive at the
electrode interface. This is particularly important for low, ie.,
aM concentrations, where diffusion is too slow to allow the
surface coverage of the target to approach equilibrium on a
meaningful timescale. The assay is characterized by a wide
dynamic range, high sensitivity, a low detection limit and an
excellent ability to discriminate against interferences.

Analyst, 2013, 138, 4340-4344 | 4343
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ABSTRACT: Oligonucleotide hybridization to a complementary sequence that
is covalently attached to an electrochemically active conducting polymer (ECP)
coating the working electrode of an electrochemical cell causes an increase in
reaction impedance for the ferro-ferricyanide redox couple. We demonstrate the
use of this effect to measure, in real time, the progress of DNA polymerase
chain reaction (PCR) amplification of a minor component of a DNA extract.
The forward primer is attached to the ECP. The solution contains other PCR
components and the redox couple. Each cycle of amplification gives an easily
measurable impedance increase. Target concentration can be estimated by cycle
count to reach a threshold impedance. As proof of principle, we demonstrate an
electrochemical real-time quantitative PCR (e-PCR) measurement in the total
DNA extracted from chicken blood of an 844 base pair region of the
mitochondrial Cytochrome ¢ oxidase gene, present at ~1 ppm of total DNA.
We show that the detection and semiquantitation of as few as 2 copies/uL of
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target can be achieved within less than 10 PCR cycles.

mplification of nucleic acid sequences using the polymer-

ase chain reaction (PCR) provides a powerful technology
for both their detection and quantification.' > Standard DNA
PCR amplification is used primarily for the detection of
particular sequences and is commonly assessed through the use
of intercalation dyes, such as ethidium bromide, to detect the
presence of specific products on electrophoretic gels. In
quantitative PCR (qPCR), the amplification of specific
sequences may be measured by using different intercalation
dyes, such as SYBER Green, which fluoresce in the presence of
double-stranded DNA. Alternatively, DNA amplification can be
measured through the use of Taqman probes designed to bind
to specific sequences between the amplifying primers.® As with
intercalation dyes in gPCR, these probes also rely on the use of
fluorescence methods for detection.” Electrochemical measure-
ment in principle offers many advantages, in instrumentation,
measurement system design, and cost of implementation, as
exemplified by modern glucose measurement devices.® Hence,
there has been significant interest in the electrochemical
measurement of DNA’™'* and several reports of coupling of
electrochemical measurement with PCR or with various
isothermal amplification methods.”>™*” These methods, again,
have either used intercalation reagents for nonspecific measure-
ment or electrochemical labels on the primers or nucleotides.
The most sophisticated and now-commercialized methodology
uses pH-sensitive field-effect transistors integrated into micro-
wells'® to detect the pH change caused by nucleotide

-4 ACS Publications  © 2015 American Chemical Society
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incorporation.'” The sensitivity (signal/noise or signal/back-
ground) of the measurement technique determines the number
of cycles of amplification required to obtain a reliable signal,
which, in turn, determines the time to result and also the
influence of replication errors.

We and other researchers'"*°~>® have described oligonucleo-
tide measurement based on the exclusion of a highly charged
redox probe (Fe(CN)¢>/#7) from the electrode interface, as a
result of the large negative surface charge introduced by the
binding of oligonucleotides. Electrochemically active conduct-
ing polymers (ECP) can be used advantageously both as the
active electrode and as the means of surface conjugation of a
probe nucleotide.”® The inhibition of the redox reaction of the
polymer itself, through inhibition of the associated anion
exchange with the solution, can also be used as the signal.>>~>*
The presence in solution at concentrations in the low
nanomolar (nM) to femtomolar (fM) range'******° or even
lower concentrations®® of purified nucleotide sequences that are
complementary to a surface-attached probe can be measured
relatively easily. The signal increases as the length of the target
oligonucleotide sequence increases,”" although with the caveat
that the hybridization efficiency may decrease as the target
length increases.!”*! However, the measurement is based on
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the detection of global changes in the charge trapped at the
reaction interface,""?**” and so the measurement may be
changed as a consequence of adsorption at the interface of any
charged species, such as a protein or, indeed, from several other
effects that alter the rate of reaction of the redox species. Thus,
issues that are prominent include the need for calibration,
repeatability of devices, nonspecific signals—effects of other
species in the solution that may adsorb at the electrode surface
and change surface charge and reaction rates as a
consequence—and mismatched signals, where DNA that may
not be completely complementary to the target can hybridize
sufficiently with the surface-bound oligonucleotide to cause an
alteration of the electrochemical reaction rate.

The combination of a high-sensitivity label-free electro-
chemical detection method with PCR (ePCR) offers specific
attributes that overcome these problems, as well as the cost
benefits generally associated with label-free electrochemistry.
The particular advantage of PCR is that the composition of the
solution steps in a defined way from one cycle to the next, the
amplicon number ideally doubling. Therefore, any signal
correlated precisely with each step in ePCR will be a signal
that is derived specifically from the effect of the presence and
amplification of the DNA target. The steps should be clear and
distinct and progress in a well-defined way, and they should be
clearly separable from any general, nonspecific drift in the
electrochemical properties of the interface. A second feature of
PCR is that it offers a digital encoding of target DNA
concentration: the number of steps required to reach a
threshold signal reflects the initial concentration of the target.
The threshold can be chosen to be sufficiently large, with
respect to any baseline drifts of the detector. Consequently,
real-time ePCR should show correlated signal steps, which
evolve with time and cycle number and are dependent only on
the presence of the target. The number of steps to reach an
appropriately chosen threshold should relate directly to the
original target concentration. The very high sensitivity of a
label-free electrochemical detector should allow specific
detection and quantification of target DNA in a small number
of cycles—that is, within a timeframe that could be significantly
shorter than that required for detection and quantification using
optical fluorescence methods. Whether the use of a redox
probe, such as Fe(CN)Z™/*", affects the efficiency of the
polymerase enzyme is something that would have to be
checked.

The electrochemical and mechanical stability of the electro-
chemical measurement interface upon cycling to the high
temperatures necessary to implement PCR is clearly important.
The stability of attachment of the primer to the surface could
be an issue for methods using metal chelation,®® or methods
using thiolate adsorption to gold,'" but should be less of an
issue if the primer is conjugated to a polymer by a direct
chemical bond.*® However, for methods utilizing conducting
polymers, irregular or otherwise large changes in adhesion of
the polymer to the electrode substrate, or in polymer
microstructure, or in the state of oxidation or doping of the
polymer, would cause changes in electrochemical reaction rate
at the polymer/solution interface that would militate against
reliable and quantitative measurement. Temperature stability of
the conducting polymer interface is not necessarily to be
expected.*” Previous studies have shown a time-varying collapse
of microstructure in aqueous buffer that is dependent on the
nature of the polymer, the nature of the dopant ions, and the
solvent system used for synthesis, which also has a significant

5190

effect on the adhesion of the polymer to the electrode
substrate.”***™> These effects might be expected to become
even more important with increasing temperature.

In the present work, we have explored the use of label-free
electrochemistry using an electrode coated with an ECP, with a
Fe(CN)¢/*" redox couple in solution as the detection
methodology for real-time, quantitative PCR. We have chosen
the surface-attached probe sequence to be one primer for the
amplification, so extension of this surface-attached primer by
the polymerase enzyme could occur.’*>” We demonstrate that
the ECP—in this case, electrochemically co-polymerized
pyrrole and 3-pyrrolylacrylic acid, poly(Py-co-PAA)—is suffi-
ciently temperature-stable, such that (i) the baseline does not
significantly drift, (i) the presence of Fe(CN),>~/*", although it
does, to a degree, inhibit solution amplification, does not
adversely affect the amplification measured electrochemically,
and (iii) the sequence selectivity of a surface-bound primer is
such that reliable detection and quantification of a specific
sequence present in a minor amount in a mixed background of
DNA can be obtained using either the surface-immobilized
forward primer alone, or the surface forward primer with either
the reverse primer alone in solution or with both forward and
reverse primers in solution. We present a simople model, based
on the “patch” model previously described, that adequately
describes the evolution of the electrochemical reaction
impedance as the amplification proceeds.

B EXPERIMENTAL SECTION

More detail is given in the Supporting Information (SI).

Electrode Preparation. A film nominally 6—12 nm thick of
ECP, which is a co-polymer of pyrrole and pyrrolylacrylic acid,
was electrochemically grown on a glassy carbon electrode
(GCE, see the SI). Electrodes having films that were relatively
uniform and adherent were selected based on impedance
measurement (see the SI). Figure 1C shows a typical scanning
electron microscopy (SEM) image of the resultant polymer
layer. The ECP-coated GC showed polymer nodules with a size
scale up to 200 nm scattered across a thin underlying layer,
which had a discernible microstructure that was distinct from
any structure of the underlying glassy carbon, which was itself
very smooth (Figure 1B). The layer was probably significantly
thicker than the nominal 6—12 nm, and thus was significantly
porous.

Electrochemical Measurement and Impedance Data
Extraction. A two-terminal electrochemical cell was assembled
in a 100 uL Eppendorf tube, suitable for insertion into a PCR
temperature cycler. The working electrode was the polymer-
functionalized GC and the counter/reference electrode was a Pt
wire. Since the solution contained the ferri-ferrocyanide redox
couple, the Pt electrode (to a reasonable approximation
dependent on the current flowing) would adopt the redox
potential for this couple. The base electrolyte (40 uL) was the
PCR buffer (20 mM Tris-HCI, pH 8.4, SO mM KCl) containing
2.5 mM MgCl, and 5 mM of each of Fe(CN)s*~/*". Electrodes
were checked by cyclic voltammetry and impedance measure-
ment at 72 °C before and after surface attachment of the
primer. All electrochemical impedance measurements in this
work were obtained at a cell potential difference of +0.23 V
over a frequency range from 100 kHz to 1 Hz. Figure 1A shows
the diminution in reversibility of the redox couple caused by the
coating of the surface by the polymer. The electrochemical
impedance (Figure 1D) was characteristic of a microscopically
rough interface, namely, a semicircle with the center depressed
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Figure 1. (A) Cyclic voltammetry (0.1 V/s) at 72 °C in the two-
terminal electrochemical cell, of S mM Fe(CN),/#" in base
electrolyte, comparing the bare glassy carbon electrode (GCE) with
an electrode modified with a thin film of ECP. (B) SEM image of the
bare GCE surface. (C) SEM of the ECP-coated GCE. (D)
Electrochemical impedance (72 °C, +0.23 V cell potential difference)
in base electrolyte containing 5 mM Fe(CN)/*, confirming
successful attachment of the probe sequence from the resultant
increase in impedance. The inset for panel D shows the approximate
equivalent circuit: R, solution resistance between the working
electrode and the counter/reference electrode; Q, constant phase
element describing the capacitive behavior of the ECP-coated
electrode; Rcr, charge transfer resistance for the reaction of the
redox couple; and W, impedance contributed by diffusion of the redox
couple to the electrode.

an angle nm/2 below the real impedance axis. The maximum
value of the imaginary component of impedance, (—Z"),,., for
the approximate equivalent circuit over the frequency range
where the diffusional impedance does not affect the data, is

given as
RCT{ . (nﬂ' )}
= ——<1 — sin| —
2 2 (1)

Hence, provided n, which is dependent on the roughness of
the interface,”® does not greatly vary, (—Z"),. which we call
the reaction impedance, is an easily obtained measure of the
variation of the resistance due to the charge-transfer reaction of
the redox couple (Rcr). We define the reaction conductance

(0) as

(=Z")max

oo 1
( - Z”)max

We have used this measure because it is pragmatic and
practical, directly reflecting the raw experimental data; it is not
dependent on arbitrary details of a specified equivalent circuit.

Materials. DNA was extracted from whole chicken blood by
a standard proteinase K digestion and a modified version of the
phenol/chloroform method.**** Forward and reverse primers
designed for amplification of a 844 base pair region of the
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mitochondrial Cytochrome ¢ oxidase (CO1 or coxl) gene39

were 26 bases long (see the SI). A thymidine 10-mer extension,
amino-terminated, was used for covalent attachment of the
forward primer to the ECP surface by standard EDC-NHS
chemistry (see the SI). Successful primer attachment was
verified by the increase in electrochemical impedance (Figure
1D).

PCR Protocol. The PCR solution, in addition to the base
electrolyte, contained dNTPs (0.2 mM each), Taq polymerase
(7 X 107 unit/uL), and the extracted DNA sample (1.2 ng/uL
of chicken blood cell DNA for 1X dilution to 1.2 pg/uL for
1000x dilution). Solution primers were added at 0.5 uM.
Experiments in the absence of Taq polymerase controlled for
nonspecific impedance effects during cycling. The electrodes
were open-circuit until the electrochemical impedance measure-
ment was made, which, unless otherwise stated, was at 72 °C,
following the extension time, and required 60 s to complete.

Quantification of the Target Concentration. Following
solution amplification of the Coxl template present in the
chicken blood extract with the same forward and reverse
primers used for ePCR, the amplified product was separated by
gel electrophoresis, extracted, purified, and sequenced. The gel
electrophoresis (Figure 2) confirmed clean amplification. The

0.5 mM redox couple

1mM redox couple

2 mM redox couple

5 mM redox couple

0mM redox couple

Figure 2. Gel electrophoresis of PCR solution amplification product
(both forward and reverse primer present in solution) showing the
effect of redox couple and Taq polymerase concentration. The first
lane (lowest) is the scale in base pairs. Taq polymerase concentrations
(unit/uL, cycle): (A) 7 x 1072 unit/uL, 20 cycles; (B) 2.5 x 1072
unit/uL, 25 cycles; and (C) 0.4 unit/uL, 25 cycles.

sequence of the amplified product was identical to part of a
known chicken Coxl DNA sequence (GenBank database
AP003317.1). A standard curve was obtained using the purified,
diluted product, and the mass of Coxl template in the total
chicken blood DNA extract was determined by standard q-PCR
(details are given in the SI). The Coxl template comprised 1
ppm of the total chicken blood DNA present. The 1X dilution
of total DNA (1.2 ng/uL) contained 1.3 fg/uL or 1450 copies/
uL of the Coxl template.

B RESULTS

Effect of the Redox Couple on Amplification of the
Target Sequence. In the presence of the redox couple, the
efficiency of the amplification in solution, as judged by gel
electrophoresis (see Figure 2) decreased as the redox couple
concentration increased, ameliorated by increases in enzyme
concentration.

Temperature Stability of Electrochemical Behavior of
ECP Electrodes. Temperature stability of the electrochemical
impedance of the ECP-coated electrodes is critical to the
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reliability of the method. Initial explorations established that
cyclic voltammetry on the ECP was reasonably stable at
temperatures up to 95 °C, provided that the potential range
was restricted to avoid irreversible oxidation or reduction of the
polymer. The thermal stability of the ECP electrodes under the
PCR measurement regime described above was then evaluated
first by impedance measurement in the PCR/redox couple
mixture in the absence of target DNA. This measurement also
explores the stability of attachment of the primer to the
electrode surface. The electrode impedance changed by <20%
after 20 temperature cycles. In addition, cyclic voltammetry and
impedance measurement of the electrode without attached
primer in the absence of the redox couple, measured at 72 °C
during the temperature cycling with the electrode otherwise at
open circuit, showed a change of <20% in either the apparent
capacitance of the electrode or the current due to the redox
process of ion injection and removal.

Single-Primer PCR: Amplification from the Surface-
Attached Forward Primer Alone. DNA polymerase is active
on surface-bound templates.>**” In the absence of the reverse
primer in the solution, the surface-bound primer would be
extended to a length determined by the extension time. A
statistical distribution of length of surface-bound single-
stranded DNA is expected to result. Figure 3 illustrates that,
with the surface-bound primer alone, in the presence of the
chicken blood DNA containing the mitochondrial DNA target,
S mM redox couple, and the low concentration of enzyme (Taq
polymerase, 7 X 107> unit/uL), the impedance signal increased
progressively with each temperature cycle. Figure 3A shows the
evolution of the impedance diagram with cycle number (cycle 0
labels the impedance with the primer attached to the surface,
measured in the absence of Taq polymerase). Figure 3B shows
the evolution of the reaction impedance as defined in the
Experimental Section ((—Z")pn.). Figure 3C shows the
evolution of the relative change in reaction conductance after

each cycle.

(_Z”)max,cyclen - (_Z”)max,cycleo

( =z’ )max, cycle n

Ao _

0o

)

The result is consistent with our previous observation that
reaction impedance for the ferro-ferricyanide redox couple
increases with increasing length of DNA coupled to the surface,
and with our deduction that the mechanism is exclusion of the
redox couople due to increase of surface charge on the
electrode.”®*' The result shows that there has been extension
of the oligonucleotide on the surface, despite the initial studies
in solution indicating a decrease in the efficiency of the
amplification for this combination of redox couple and Taq
polymerase concentration.

Electrochemical Measurement of PCR Amplification
with Both Primers in Solution, Together with Surface-
Bound Forward Primer. In this configuration (three-primer
system), the target 844 bp sequence is amplified in solution as a
double-stranded DNA, as expected in standard solution PCR.
In addition, the surface-bound primer may also be extended, as
in the case treated above. Following the dissociation step at 95
°C, during the annealing step at 55 °C, single-stranded DNA
from the solution can be hybridized onto both the surface-
bound extended primer and to any nonextended, surface-bound
primer. Impedance diagrams had the same form as Figure 3.
The reaction impedance evolved systematically with cycle
number (see the SI) but was variable between repetitions. In
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Figure 3. Amplification with surface-attached forward primer only.
Measurements at 72 °C following extension, in the presence of 5 mM
redox couple, +0.23 V cell pd (chicken blood DNA, 1.2 ng/uL, 7 X
107* unit/uL Taq): (A) evolution of impedance diagram with cycle
number; (B) imaginary impedance component, —Z”, against measure-
ment frequency, f and evolution with cycle number; and (C) evolution
of relative reaction conductance (eq 2) with cycle number, where the
line is fitted to a simple two-state model (see the Discussion section).

Figure 4A, the evolution, with cycle number, of the relative
reaction conductance is shown. Figure 4A illustrates, by
comparison with Figure 3C, that an additional amplification
had indeed been obtained as a consequence of the presence of
both primers in the solution, although, for this combination of
redox couple and enzyme, concentration amplification in the
solution had been inhibited, to some degree, by the presence of
the redox couple (see Figure 2). Good reproducibility between
different electrode preparations, and very high sensitivity for the
method is demonstrated. Figure 4A shows a comparison of the
signal (relative reaction conductance) evolution at 1000X
dilution (1.2 pg/uL total DNA; 1.3 ag or ~2 copies/uL of the
mitochondrial DNA target based on the quantification
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Figure 4. Evolution of (A) relative reaction conductance (eq 2) and
(B) reaction impedance for the first cycles for the 1000X dilution
including the initial measurement of the template-modified electrode
and the Taq polymerase-free blank, for the three-primer system.
Measurements at 72 °C following extension, S mM redox couple, and
7 % 1073 unit/uL Taq polymerase at +0.23 V cell pd. The effect of
dilution of the original chicken blood DNA sample is shown: from 1.2
ng/uL (1X dilution) to 1.2 pg/uL (1000 dilution). The lines in panel
A are a fit to a four-state model (see the Discussion section) and those
in panel B are empirical linear (Taq polymerase present) and
exponential (Taq polymerase absent) fits. The repeat measurements
shown are for independent electrode preparations.

described in the SI) in the presence and absence of the Taq
polymerase. The signal for the Taq polymerase-free blank
reached a plateau within the first three cycles. That, for the case
with Taq polymerase present, exceeded the blank within <10
cycles and increased to the same level as that found for the
higher concentrations of DNA target. Figure 4B shows the
variation of the raw data (the reaction impedance) at 1000X
dilution over the first few cycles, including the Taq polymerase-
free blank (see the SI (Figure S4 shows the full dataset)). This
illustrates the significant variation in reaction impedance for the
primer-modified electrode (cycle 0: between 1—6 k€), which is
the cause of the variability in evolution of reaction impedance.
Figure 4B also shows the rapid approach to a plateau of
reaction impedance in the absence of Taq polymerase,
contrasting with the regular increase with cycle number in
the presence of Taq polymerase. Detection of the presence of
the target can be achieved just by observing the regular increase
of reaction impedance with cycle number for a sufficient
number of cycles to discriminate against any blank effects.
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Quantification requires the use of the relative reaction
conductance change and can be achieved by counting cycles to
reach a threshold (see Figure S). Such quantification requires
the determination of the impedance of the primer-modified
electrode before any amplification: (-Z”) o in eq 2.

max/cycle
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Figure S. Cycle number to reach As/c, > 0.7, vs concentration of
target in the diluted chicken blood DNA. Three-primer system: both
primers in solution and forward primer on electrode. Repeat
measurements on independent electrodes at dilutions from 1X to
1000X of 1.2 ng/uL total DNA shown; where these overlap, the
number of independent determinations is shown.

Electrochemical Measurement of PCR Amplification
with Reverse Primer Only in Solution, Together with
Surface-Bound Forward Primer. In this configuration, the
surface-bound primer may be extended, as described above.
However, in the solution, single-stranded DNA will be formed
by reaction from the single primer present, to a length defined
by the extension time. This single-stranded DNA can be
captured onto the surface-bound oligonucleotide (i.e., extended
or nonextended primer) during the annealing step at 55 °C.
Impedance diagrams had the same form as illustrated in Figure
3, and reaction impedance evolved with cycle number in a
similar way to that shown in Figures 3 and 4. However, the
results were not as reproducible.

Effects of Changing Measurement Temperature and
Time Delay before Measurement. 1t is to be expected that
the measurement signal would be altered as a consequence of
the effects of the kinetics of the polymerase reaction both in the
solution and on the electrode surface, as well as the effects of
the diffusion of single-stranded DNA to the electrode surface,
the kinetics of hybridization to the surface-bound oligonucleo-
tide, and the competition for dissociated single-stranded DNA
between solution hybridization and surface hybridization. The
measurement could also just as conveniently be made at the
end of the annealing step at 55 °C as at the end of the
extension step at 72 °C. Figure 6 shows the effect of changing
the annealing time, with measurements made for three
successive temperature cycles between 95 °C and 55 °C. In
this experiment, Taq polymerase was absent; the forward
primer was present on the electrode surface. In the presence of
the mixed DNA, the temperature was increased stepwise to 95
°C to dissociate surface-hybridized DNA. The temperature
then was stepped back to 55 °C and successive impedance
measurements were made at that temperature as the annealing
proceeded. Figure 6 shows that the relative reaction
conductance change approached a limit with a time constant
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Figure 6. Relative reaction conductance change (eq 2) at SS °C versus
annealing time, following a step from 95 °C. Impedance measured in
the absence of Taq polymerase. Total chicken blood DNA
concentration = 1.2 ng/uL. The line is the fit to a simple exponential
approach to a limit (see the Discussion section). Reaction conductance
(6p) of the forward primer-modified electrode measured in the
absence of DNA, 1600 Q; projected reaction conductance from fit:
1100 Q

of ~84 s. Similarly, an increase in the extension time at 72 °C in
the presence of the Taq polymerase gave an increase of reaction
impedance. The choice of extension and annealing time
represents a compromise between signal development at each
cycle, stability of the electrochemical impedance during the
time that the measurement is made, and the number of cycles
that can be completed within a given analysis time. The
reaction conductance (c,) of the forward-primer-modified
electrode measured in the absence of DNA could be obtained
by fitting the annealing time dependence of the relative reaction
conductance to a simple exponential evolution with time,
although not with great accuracy, given the time resolution of
the measurements in the present work.

B DISCUSSION

The hypothesis formulated earlier in this paper, that a label-free
electrochemical method utilizing exclusion of a redox couple
from the surface of an electrochemically active conducting
polymer could be used as a high-sensitivity real-time measure-
ment of the progress of PCR amplification of a minor
component from total cellular DNA, has been demonstrated
to be correct. Figure S illustrates that quantitation can be
achieved by counting cycles to reach a threshold, and that the
method has extremely high sensitivity that is obtainable within
a small number of PCR cycles. The time scale for quantification
at the highest dilution, with a target concentration in the ~2
copies/uL or ag/uL range was 25 min (7 cycles). A significant
part of these times was that for temperature stabilization, which
can be mitigated by appropriate design of the cell and cycler,
and for measurement of the full impedance spectrum, which is
clearly unnecessary. Figure 4 illustrates that the blank signal, in
the absence of Taq polymerase, increased over the first two or
three cycles and then stabilized. Although there may be some
nonspecific binding of nontarget DNA (likely to occur in most
complex PCR amplifications), the primer design and tuning of
PCR conditions should minimize any such effect. Then, we can
interpret the signal in the absence of Taq polymerase as being
indeed due to binding of the target, the extent of which would
depend on the concentration of target in the boundary layer
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near the electrode and increase over the first few cycles, as a
consequence of dissociation from the surface of previously
bound DNA, during the 95 °C part of the cycle.

Despite pre-existing caveats concerning the stability of the
ECP, the present work has shown an adequate temperature
stability in aqueous buffer for the system employed here. We
presume that there were three factors that were important: (i)
the conducting polymer layer was very thin; (ii) the synthesis
used a solvent that was predominantly water, with just a small
addition of organic solvent; and (iii) the ions doped into the
polymer during synthesis were the same as those predom-
inantly present in the measurement solution. In the following,
we discuss the results using the simple patch model for the
electrochemical kinetics previously presented:*® the total
current through the interface is the sum of that through
different patches carrying different surface charge.

Figure 6 illustrates the simplest case: the annealing of the
target sequence onto the surface primer, which is the first step
of the first cycle. In this case, the surface-bound primer captures
onto the interface the entire single DNA strand within which
the complementary sequence is embedded. A two-patch model
applies, with one patch being the hybridized fraction of the
surface and the other being the unhybridized fraction. The
conductance (&) that is due to the interface reaction is the sum
of the conductance through the unhybridized patches (o,) and
that through the hybridized patches (o,):

6 = 0,0, + (1 = 6p)o, ©)
where @, denotes the fraction of the surface that is not
hybridized. The variation with time ¢ of the relative change in
reaction conductance during the annealing step, where the
reaction conductance for the state with unhybridized surface-
attached primer only is 6y, shows the progressive coverage of
the surface by hybridized DNA. Figure 6 indicates that, in
accord with our previous work,”® this is a simple first-order
kinetic process with a time constant 7:

N S

The significance is that extrapolation back to the reaction
impedance at t = 0 during annealing at 55 °C, following the
initialization of the sequence at 95 °C, would give o, the
reaction conductance for the state with unhybridized surface-
attached primer only, obviating the need for prior measurement
of this number, which varies from one electrode to another
(Figure 4B) but is also key to reducing the data onto the
repeatable curve of relative reaction conductance against cycle
number (Figure 4A). A better time resolution of the impedance
changes than has been obtained in the present work would be
needed for an accurate determination (see Figure 6).

The simplest measurement system of those studied here is
that where the only primer present is that bound to the surface:
the results are shown in Figure 3. We interpret the increase in
reaction impedance (decrease in reaction conductance) on each
cycle, shown in Figure 3, as bein§ due to the progressive
extension of surface-bound primer.®® After dissociation then
annealing, complementary single-strand DNA from the solution
is annealed to the surface-bound primer. In the extension step,
the hybridized, surface-bound primer is extended to an extent
that is dependent on the extension time and the length of the
hybridized complementary sequence, which is limited only by
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the length of the original DNA, since there is no second primer
present in the solution. The cycle then repeats, upon which
complementary DNA can be captured both onto the extended
and unextended surface-bound primers. The theoretical curve
for the evolution of relative reaction conductance with cycle
number, shown in Figure 3C, was derived by approximating the
heterogeneous collection of extended primer and extended,
hybridized primer states as a single low-conductance state. The
model is thus a simple two-state model. The progression from
state 0 (unreacted primer) to state 1 (reacted primer) is
presumed to occur via a simple first-order process during both
annealing and extension. To simplify further, just one of these
steps is assumed to be rate-limiting and, in view of the result
shown in Figure 6, we assume that this is the annealing step.
Thus, following step n, where t denotes the annealing time for
each step,

t
0 =40 ——
1,n 0,n—1 exp( T) (s)

The reaction conductance at each step is the sum of that due
to state 1 and that due to state 0 (see eq 3). The data can then
be fitted with the two parameters t/7 and 6,/0,, as shown in
Figure 3C. For both the data in Figure 3 and the data in Figure
6, 6,/0y = 0.09. The redox couple is relatively strongly excluded
from the interface, as a consequence of the surface charge due
to the surface-bound primer and DNA. This effect might
explain why the electrochemical surface extension proceeded
satisfactorily, despite the effect of the redox couple on the
solution extension (recall Figure 2).

In the three-primer system (results shown in Figures 4 and
S), amplification should occur in the solution, as well as
extension on the surface. In the solution, the system would
evolve rapidly to a multiplication of the fixed-length target
DNA segment, whose concentration increases in each cycle:
Crargetyn = @ Crargeroy Where the multiplication factor, a =~ 2, is
expected for the ideal case. Amplification of the target DNA
sequence in the solution should lead to an increase of sensitivity
above that obtained when the only effect is extension of the
primer on the surface: indeed, this effect was observed. In this
case, to take into account both the effect of extension of the
primer on the surface and the effect of capture onto the surface
of amplicons from the solution, the surface can be represented
by a four-state model, as indicated in Figure 7: state O is the
unextended, unhybridized surface-attached primer; state 1 is
extended, unhybridized surface-attached primer; state 2 is
unextended surface-attached primer hybridized to complemen-
tary target from the solution; and state 3 is extended, surface-
attached primer hybridized to complementary target from the

[

0, 0, 0;
Denature: state 2 -> stateO; state3 ->statel
Anneal : stateO ->state2; statel ->state3

Extend : state2->state3

Figure 7. Schematic representation of the states for the surface-bound
DNA, and the transitions during the PCR cycle; ¢; denotes the fraction
of the surface covered by state j.
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solution. Following an amplification cycle, after the denatura-
tion step at 95 °C, only states 0 and 1 are present on the
surface; states 2 and 3 are formed at 55 °C by annealing from
the solution remaining from the previous extension step. In the
subsequent extension step at 72 °C, conversion of state 2 to
state 3 by the Taq polymerase occurs, as well as multiplication
in the solution.

To take account of the effect of increase of solution amplicon
concentration with cycle number, we assume that, during the
annealing and extension phases, for the states j = 0, 1 where
target DNA is captured onto the surface from the solution:

( de; ] ~ anctarget,o _ a"
d cycle n t t (6)

with time constant 7/, which is independent of cycle number.
For each cycle, the system is reset to a condition with no
captured DNA—i.e,, just states 0 and 1—at the end of the
denaturing phase at 95 °C. Hence, using the subscript “d” to
denote the relative surface coverages of states j = 0 at the end of
the denaturing phase, in view of eq 6, we write

n—1
a
(90,d cycle n = (90,d cycle n—1 exp(— , )
4 ™)

(el,d)cyclen =1- (go,d)cyclen (8)

Then, using the subscript “e” to denote the state of the system
at the end of the extension phase at 72 °C, for states j = 0, 1:

aﬂ
(ej,e)cycle n = (9',d)cycle n exp(—?) (9)
The relative coverage of the other states, j = 2, 3, is then easily
obtained, because they are derived by conversion of states 0 and
1 during annealing and extension:

(02,e)cycle n= (90,d cyclen — (90,e)cyclen

(10)
(11)

The reaction conductance is expressed as the sum of that
from each of the individual states. Figure 4B shows the result of
a least-squares fit to the experimental data of the relative
reaction conductance thus predicted. The derived parameters
are given in Table 1. Figure 8 shows the derived variation of the

(93,e)cyclen = (gl,d cyclen (el,e)cyclen

Table 1. Fitting Parameters for Simple Four-State Model for
the System with Both Primers in Solution and Forward
Primer Surface-Attached

relative concentration 7’ /cycle a state  relative conductance
1 0.78 1.08 0 1
0.1 0.93 11 1 0.6
0.01 14 115 2 0.6
0.001 2.9 1.14 3 0.02

relative coverage of the four different states as the PCR cycling
proceeds, for a sample where the total chicken blood DNA was
diluted 1000X. Although the model is clearly oversimplified
(e.g, 7' does not increase as expected with decreasing target
concentration), the derived parameters allow some discussion
of features of the results. First, the multiplication factor « is
significantly less than 2, which is consistent with the effect of
the redox couple on the solution amplification. This effect

DOI: 10.1021/acs.analchem.5b00079
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Figure 8. Evolution of relative surface coverages for the simple four-
state model at a dilution of 1000X of total chicken blood DNA (data
taken from Figure 4).

could be mitigated, as implied by Figure 2, by either increasing
the concentration of the Taq polymerase or decreasing the
concentration of the redox couple. However, such alterations
involve compromises of cost (of Taq polymerase) and signal/
noise (in the impedance measurement). Second, the signal
development is dominated in the early cycles by the effect of
extension of the surface primer and then in the later stages of
the amplification by the capture of amplicons from solution.
This is reasonable and accounts for much of the difference
between the results of Figures 3 and 4. Third, the relative
conductances due to states 1 and 2 are much greater than those
suggested by the fitting of the two-state model to the data of
Figures 3 and 6. This reflects both deficiencies of the model and
subtleties in the evolution of the system that differs according
to whether primers are present in the solution or not. In theory,
the length to which the polymerase can extend the surface-
attached primer is determined by the accessible length of the
complementary strand hybridized to it. With no solution
primers, this can proceed, in principle, to as much as the total
length of the DNA sequence within which the target is
embedded. However, with both primers present in solution, the
target sequence itself will become the dominant complemen-
tary strand after a few cycles, resulting in the surface primer
being extended only to the length of the target.

The discussion highlights that the high-temperature stage, at
95 °C, dissociates the untethered complementary DNA strand
from the surface (i.e., the surface is “reset”). Thus, immediately
after this step, the surface is in a defined reset condition of
unhybridized primer, both extended and unextended, in
proportion depending on the number of prior amplification
cycles. Although we have not explored the possibility other than
the results shown in Figure 6, clearly evolution of the signal
from this “reset” state, and a systematic change from one cycle
to the next, should provide another specific indicator of the
presence of the target DNA.

H CONCLUSION

Label-free, highly sensitive, real-time electrochemical detection
of polymerase chain reaction amplification (ePCR) can be
accomplished simply, using an electrochemically active
conducting polymer as the electrode with one primer surface-
bound, and the highly negatively charged redox couple
Fe(CN),*~/*" in the solution as the signal species. Electrostatic
exclusion of the redox couple from the electrode surface as the

surface charge increases in each successive step of the PCR
causes a successively stepping increase in the reaction
impedance signaling the target-specific extension of surface-
attached primers and amplification in the solution. We have
shown, in proof of principle, that the ePCR method works
successfully, despite some inhibition of the solution amplifica-
tion by the redox couple. Once the detection system is in place,
the technique is simple, rapid, and straightforward to apply. It
needs only the addition of a redox couple to the standard PCR
mix, and it does not require any fluorophores such as a Cy dye
or a Tagman probe. It can be used both as a straightforward
detection system and as a qPCR system, and has potential
application wherever nucleic acid detection or quantitation is
required.
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