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Abstract

Laser Assisted Production of Nanostructures for Biomedical Sensing
Applications - Cian Hughes

With the recent rise of nanotechnology, the cutting -edge of biosensor
technology has rapidly progressed becoming more sensitive, accurate and
higher throughput than ever before. However, if nanoengineered
biosensors are to become as  ubiquitous as ELISA assays in general
diagnostic applications they first must become more cost -effective.
Current methods for the fabrication of nanobiosensor platforms generally
rely on chemical processes that are expensive, environmentally
destructive a nd often time -consuming. As nanotechnology matures from
a new, exciting technology into an everyday, mundane one it must also
become more affordable and more environmentally friendly.

It was noted during  polymer ablation experiments  that (under specific
conditions ) laser ablation of bulk metals appeared to result in the direct
deposition of nanostructures  on the polymer. Following this discovery,

work began to optimis e this technique (referred to as Confined

Atmospheric Pulsed -laser deposition, or CAP) for  reliable, reproducible
nanostructure deposition and the application of this new technique in the
fabrication of biosensors. Such a technique would allow for the rapid,

green, inexpensive fabrication of nanostructured films, potentially

resulting in the des ign of a biosensor offer ing many advantages of the
current cutting -edge in sensor technology at a price suitable for use in a

Initial experiments  explored the capabilities of the CAP technique,
discovering suitable metals, substrates and conditions for de position .
Following this, several studies were performed to o ptimise the technique
and search for correlations between processing parameters and the
properties of the resulting films. A series of experiments were then
performed to adapt this optimised tech nique to for the deposition of
films suitable for biosensor production, such as the direct deposition of
interdigitated electrodes. Once a suitable fabrication method had been
found, a brief diversion was made to address a difficulty in the
characterisatio n of some reagents needed for that method. This work
resulted in the creation of a new, novel, non -destructive technique for
particle enumeration in colloidal suspensions.

With the design of the sensor finalised, a number of experiments were
then conducted to test the effectiveness of the sensor platform for
detecting an example target analyte. These tests resulted in the
successful detection of ¢ -Myc exon 2 (a cancer biomarker) and the
elucidation of dose -response relationships that enables the developed
sensor to be used for quantifying the amount of target present in a
sample.
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1. Introduction

This project was focused on the application of laser processing based
nanostructure deposition techniques in the fabrication of sensor

platforms. Of the wide variety of potential sensor applications, it was

decided to focus on diagnostic sensors f  or the purposes of cancer
detection due to the criticality of the need for suc  h sensor technologies.
Herein, the work is presented with the long  -term goal of creating a sensor
capable of detecting DNA strands that are indicative of ca ncers in patient

blood samples.

Due to the highly cross -disciplinary nature of this project, the fir st step
undertaken was a lengthy literature review ( as presented in  Section 2),
intended to briefly summarize the current state of diagnostic sensor
technology, the need for su  ch devices, and design decis ions to consider
going forward. The next step undert aken was the exploration of the
capabilities of the  newly discove red deposition technique which was
chosen as the focus of this work  (Confined Atmospheric Pulsed -laser
Deposition or CAP) , as presented in  Section 3.1. Once the initial
boundaries of this tec hnique were established, the focus of the work
shifted to the optimisation of the method , and examination of the
possibility of exerting contro | over the deposition process. T his work is

presented in the rest of Chapter 3.

After the capabilities and contro llability of the CAP technique had been
defined , work progressed towards adapting this optimised deposition

technique for the fabrication of electrodes suitable for use in biosensing
applications . This involved processing the CAP surfaces to optimise their
conductive properties and iterative proof -of -concept tests based on thiol -
surface bonding interactions. This part of the development process and

the results obtained from it are presented in Chapter 4.
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With the design of the sensor in a roughly finalised state it was apparent
that to ensure reproducibility all reagents used in the fabrication process
should be properly characterised. ~ An important example of one such
reagent is the gold nanopatrticle colloid used in a fabrication step. Pulsed
Laser Ablation in Liquids (PLAL) was utilised as a method for producing

this colloid which could then be used to exert more exacting control over

the conductivity of the sensor surface. Characterisi ng a nanoparticle
colloid of unknown concentration proved difficult with  the equipment
available . When attempting to address this characterisation problem it
quickly became clear that a new particle enumeration method w ould be
required to characterise this colloid. This new methodology based upon
previous work applying the ~ Mie model of particle -photon interactions to
UV/ Vis spectroscopy was used NamoComnea&dte a pro
herein) that can use UV/Vis spectroscopic data and Dynamic Light

Scattering datato measure the number of particles per mL in a colloid.

The th eory of this methodology and the design fo the program based on

it are outlined throughout Chapter 5.

Once these various pieces of work for the project had been completed,
tests began on the final sensor platform. Using the ¢ -Myc exon 2 cancer
biomarker as an example target, a conductometric sensor response to a

target analyte was successfully demonstrated in Section 6.1. Finally, dose -
response experiments were performed on the sensor to find a

relationship that could be used to quantify the amount of analy teina
sample based on the sensor response. This work, presented in Section

6.2 found that a clear linear relationship between the analyte

concentration and the impedance of the sensor, successfully

demonstrating its use as a quantitative sensor and thus its future

potential use for cancer diagnos is.
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2. Literature Review

2.1 Cancer Research

The field of oncology is one that has steadily gained increased

importance over the past century with the rise of modern medicine and

the great progress made inthet  reatment of infectious diseases. During
this time, the percentage of fatalities due to diseases such as influenza
has decreased ' and the average life expectancy worldwide has increased 2
while the percentage of mortalities due to c ancer has seen a steady
increase to the point that it is now one of the leading causes of death
worldwide *“. For this reason , research into methods to help detect and
treat cancers in their early stages has become a priority within the
scientific community in recent years, as sh own by the ever -increasing
development of cancer treatment s in the pharmaceutical industry (see

Figure 1).

Research into combinations of monoclonal antibody based treatments

with new che motherapeutics in the late 20 " century has led to the
development of a number of new, higher efficacy cancer treatments

emerging in the early years of the 21  * century °. Thus, the effective
detection of cancers has become a critically important issue, particularly

as the means to treat and potentially cure such cancers if diagnose d early

has become available to us.

31



[N
o

SO P N W M~ OO N 00 ©

1981
1982

Figure 1. The number of anticancer drugs approved
2010 °.

yearly between 1981 and

The current standard methods for the detection of cancer with any high
degree of certainty re ly primarily on imaging techniques (such as MRI and

PET) followed by a direct biopsy °. While blood biomarker tests are also

used as a non -invasive supporting t

est, the risk of a false

-positive (or

worse, a false -negative) , and the high expense

methodologies make them a somewhat undesira

of current blood testing

ble primary means of

diagnosis. Pharmacoeconomic studies have found even common PSA
screening tests are  not cost -effective 7, exhibited by the finding that PSA3
had 0450

2012 ®. Genetic screening offers a much higher degree of certainty than

antigen tests a cost of per

blood biomarker testing, but at an even higher expense despite the many

advance s provide by genetic studies inrecent years °.

As biomolecular diagnosis methods have matured , research into non -
invasive cancer detection has moved away from specific tests and towards
high -

detection *. The ter m biomarker refers

the idea of a scree ning assay. Such assays allow for cheaper,

throughput methods of biomarker
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to biomolecules that are indicative of a disease, in this case cancer.
Cheap, high -throughput methodologies offer the exciting prospect of not
only fast, affordable cancer screening but the possibility of a greater
understanding of the b iochemistry of different cancers. This biochemical
understanding could potentially lead to further improvements in

treatment methods in the future.

For these reasons, this thesis is focused on  making contribut ions to the
development of detection tecniques with the goals of facilitating a higher
throughput and/ or low er cost (yet still capable) method for the detection
of cancer biomark ers in human blood samples. T  his review summarise s
the idea s on which this researc h has been based, and the examples
reported in the literature which provided the impetus to considering the

feasibility of the techniqu es investigated .

2.2 An Overview of the Biology of Cancer

2.2.1 Introduction to Cancer

Cancer is a disease characterised by the uncontrolled division of cells

within a given tissue * most often givin g rise to a mass of cells referred to
as a neoplasm or, more commonly, a tumour. Cancer is usually the result
of a change in the biochemistry of a cell that either allows it to divide an
infinite number of times (unchecked by the mechanisms that normally

prevent this, such as telomere counting), or which causes it to avoid

undergoing apoptosis  *.

The initial formation of cancerous tumours, a process known as
tumorigenesis or carcinogenesis ', can be due to many factors but is
ultimately the result of a genetic change allowin g these cancerous

behaviours. Factors that are thought to contribute to these changes
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include (but are not limitedto ) epigenetics *, chemical exposure *, viral *°

or bacterial *° infection and/or exposure to pollutants v,

While tumours themselves can cause a range of health problems,

cancerous cells become most dangerous when they undergo metastasis 8,

Metastasis is the process by which  malignant cells inva de the

bloodstream of a patient.  Once in the bloodstream, these cells can reach

ot her organs and trigger the formation of ne
those organs, a process known as colonization 2. Metastatic cancers have

a far higher mortality rate than non -metastatic cancers due to their

systemic nature, and are estimated to be responsible for approximately

90% of cancer related deaths *.

Cancers have been observed forming from essentially every known

human tissue * (with the obvious exception of erythrocytes, as they lack a
nucleus) and it follows that there are many distinct cancers, each as

unique as the cells that the vy derive from and the mutations that caused
them to become cancerous. For this reason, making statements

applicable to all cancers can prove extremely difficult. For the purposes of
this discussion, however, a focus  is placed pna number of specific
cancers in an attempt to give a more generalised picture of the biology

classically expected from them.

2.2.2 A Brief Discussion of the Morphology of Cancerous Cells and
the Study of Histology

Histology is a term that refers to the study of tissues and tissue

structures with the aid of microscopy. It is one of the primary ways in

which many canc ers are diagnosed from biopsies . A histological diagnosis
requires an expert with years of training to make judgements based on

the changes in morphology that occur as cells become cancerous. The

study of histology, therefore, has extensively logged a wide variety of
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morphological chang es observed in cancerous cells that can offer insights

into their biology.

One of the defining features of the cells comprising most human tissues

is that they are comprised of similar cells with a certain degree of

recognizable organization *. Cancerous cells, as mentioned before, grow
uncontrollably and this trait is visible when biopsy sampl es are viewed
under the microscope. Cancerous cells often appear larger than their non -
cancerous counterparts, more crowded or less well defined 2. And, of
course, since they may have metastasised from elsewhere they could even

be totally different cells from those nearby, sometimes even to the point

of their origins being unidentifiable 2,

As a result of this, in many case s histology is a difficult method by which

to make a definite  diagnosis, requiring extensive  training and experience

to carry out effectively. In cancer biopsies such as the example shown in

Figure 2 deciding if a tumour is present can be extremely difficult  and

this may result in an  incorrect judgement by physicians . While these
images contain a wealth of information to the trained eye with many years
of experience , to the untrained eye they merely appear to be a collection

of blobs of various colours, exhibiting the degree of expertise required to

make accurate histological diagnoses. In the case study from which  Figure
2 was sourced a final diagnosis of  clear cell adenocarcinoma (a relatively
rare gynecological cancer) was made. Adenocarcinomas are a broadly
defined group of malignant epithelial cell tumours of that originate in the
glands. This diagnosis was eventually made with the aid of t hese images
(among many others), 10 other histological staining tests, a CT scan, and

a patient history highlighting the inherent difficulty of obtaining a reliabl e

diagnosis using the current |y favoured methods .

The complexity and inherent difficulty of histological classification of
tumours has, historically, been a repeated source of misdiagnoses * and

can mean that histological diagnoses require a lot of time. These
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disadvantages have led to a greater focus on developing a means of

cancer diagnosis based instead on biochemical metrics as time has

progressed.

Figure 2. Histological images of a bladder mass found in a 70 year old patient
(published online in a case study by the University of Pittsburgh School of

Medicine *).

2.2.3 Biochemical Differences in Cancerous Cells

As early as 1959, it was noted that certain sarcomas displayed a markedly
higher level of purines  (key building blocks of DNA and RNA) in their
cytoplasm ?°. While quite mysterious at the time, this observation makes
sense when viewed through the lens of our curren t understanding of
cancers, which posit s that many are caused by cells that perpetually

replicate **. Thus, as cell replication is reliant on DNA synthesis it is logical
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to expect that the levels of  such DNA building blocks should be elevated
in cancer cells. Still, these kinds of observations were the first steps
towards unravelling the subtle biochemical differences between cancer
cells and healthy cells, an ongoing process that continues to offer

prospects for meaningful medical advancement.

While an increase in purine levels is an easily detectable marker, it is also
unrel iable and non -specific . In recent years, research has focused on
discovering specific proteins that may contribute to the disease state of a
cancer, and such research has gradually advanced our understanding of
these conditions to its current state ?’. These cancer indicating proteins (in
addition to some cancer indicating polyglycosides and polynucleotides)

are generally referred to in the study of diagnostics as cancer

biomarkers . Due to their extremely varied natu  re discussing specific
biomarkers in -depth falls somewhat outside the scope of this review, with
however their most important generalised fea  ture s being discussed in
Section 2.2.4.

Currently, areas of particular interest with regard to the biochemistry of
cancer are the study of angiogenesis and hypoxic tumour tissues.
Angiogenesis is an interesting process by which a tumour creates new
blood vessels, for the purpose of sustaining the tumour tissue . This
process has caught the interest of researchers because without the
materials carried by the bl ood (such as sugars, oxygen and essential
amino acids) even cancer cells are incapable of division. While the
biochemical mechanisms underpinning angiogenesis are still a subject of
active research, it is generally accepted that these mechanisms are

facil itated by the protein known as Vascular Endothelial Growth F actor -A
(VEGFA)™* . This protein is usually responsible for the creation of vital
blood vessels during embryonic  development, and remains present in

cancers capable of angiogenesis. A number of oncogenes (suspected
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cancer contributing genes) have been implicated as triggers for the

activation of the VEGF -A encoding gene, allowing for its expression 2,

When a region of a tumour is too far from a blood vessel to receive

oxygen from the blood, this region of tissue is referred to as a hypoxic

tumour. Hypoxic tumour tissue has been suggested to have many

importa nt influences on tumour development. For example, tumour

hypoxia has been observed to upregulate the expression of VEGF -A'in
tumours '**  suggesting that cancers ex hibiting this upregulation may

have a mechanism to generate new blood vessels through angiogenesis

as required to sustain their growth. It has also been suggested that the
adverse conditions in hypoxic environments may create selective

pres sures that promote the growth of cancers with less susceptibility to
apoptotic signals *, an increased tendency for metastasis and

reocurrence * and even an increased resistance to radiation therapy %,
Further highlighting the changes prevalent in hypoxic tissue are its vastly
different responses to chemotherapeutic molecules, for example it s
increased susceptibility to the effects of L -tocotrienol **. +-Tocotrienol is a
member of the vitamin  -E family of nutrients that has exhibited the ability

to reduce tumour growth by inhibiting angiogenesis . Shibata et al. *
recently published a paper reporting their observation that th is
compound appeared to have a greater efficacy against hypoxic cancer

cells than it exhibited against regular or

Clearly, despite the grea t progress that has been made in the field of

cancer biochemistry since the early discoveries such as those discussed at
the beginning of this chapter , there are still many unanswered questions
about these diseases. As such, the most useful target protein for
accurately diagnosing cancer is a topic that is subject to marked and

sudden change as new research is conducted. An ideal biosensor platform

would ther efore be one that has not only a high degree of specificity for
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its target, but which can easily = and rapidly have its design tweaked to

target a different antigen with comparable specificity.

2.2.4 A Discussion of Cancer Biomarkers

The term oO0cancer bi ceafeatodgmolecule thathasteted t o
possibility of being used as a means of diagnosing  cancer. There are a

great many cancer biomarkers that could potentially be useful for the

reliable diagnosis of cancers. S ee Table 1 for exa mples of those currently

in us e. These include genes, proteins, oligosaccharides and even some

lipids *. However, t he most commonly explored biomarkers tend to be

categorized as either an antigen or a gene. Antigens are molecules that

are produced by cancer cells that stimulate an immune response from a

patient **. Cancer genes, on the other hand, are the genetic sequences and

traits in the DNA of cancerous cells that contribute to their cancerous

nature .

Table 1. Tumour biomarkers that see the most widespread clinical use and the

purposes for which the cancers they are indicative of  (according to the U.S.

National Cancer Institute *7)

Found
Biomarker Cancer type in Clinical use
tissue
Anaplasyc Non-Small Cell Lung .
lymphoma kinase : Prognosis/Treatment
Cancer/Anaplastic Large Tumour o
(alk) gene Determination
Cell Lymphoma
rearrangements
Diagnosis (Liver
a-fetoprotein Liver Cancer/Germ Cell Cancgr)/ T_reatment
(afp) Tumours Blood Determlnatlon (Germ
Cell)/Prognosis (Germ
Cell)
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Biomarker

Cancer type

Found

b, microglobulin
(b2m)

b human
chorionic
gonadotropin

(beta-hcg)

Bcr-abl fusion
gene
(philadelphia
chromosome)

Braf mutation
v600e

Carbohydrate
antigen 15 -
3/carbohydrate
antigen 27.29
(cal5-3/ca27.29)

Carbohydrate
antigen 19-9
(cal9-9)

Carbohydrate
antigen 125 (ca -
125)

Calcitonin

Multiple Myeloma/Chronic
Lymphocytic
Leukemia/some
Lymphomas

Choriocarcinoma/Testicular
Cancer

Chronic Myeloid Leukemia

Cutaneous Melanoma/
Colorectal Cancer

Breast Cancer

Pancreatic
Cancer/Gallbladder
Cancer/Bile Duct
Cancer/Gastric Cancer

Ovarian Cancer

Medullary Thyroid Cancer
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in Clinical use
tissue
Blood,
Uz;:zie Prognosis/Measurement
of Response to
Cerebro -
. Treatment
spinal
Fluid
Urine SiEgE .
and Assessment/Prognosis/
Measurement Response
Blood
to Treatment
Blood Diagnosis
and Bone Confirmation/Disease
Marrow Monitoring
Tumour Targeted Therapy
Measurement of
Response to
Blood Treatment/Test for
Recurrence
Blood Measurement of
Response to Treatment
Diagnosis/Measurement
of Response to
Blood Treatment/Test for
Recurrence
Diagnosis/Measurement
Blood of Response to

Treatment/Test for
Recurrence



Biomarker

Cancer type

Found
in
tissue

Clinical use

Carcinoembryonic
antigen (cea)

Cluster of
differentiation 20
(cd20)

Chromogranin a
(cga)

Chromosomes 3,
7,17, and 9p21

Cytokeratin
fragments 21 -1

Epidermal growth
factor receptor
mutation (egfr

mutation)

Fibrinogen

Human
epididymis
protein 4 (he4)

Epidermal growth
factor receptor 2
(her2)

Immunoglobulins

Colorectal Cancer/Breast
Cancer

Non -Hodgkin Lymphoma

Neuroendocrine Tumours

Bladder Cancer

Lung Cancer

Non-Small Cell Lung Cancer

Bladder Cancer

Ovarian Cancer

Breast Cancer/Gastric
Cancer/Oesophageal
Cancer

Multiple
Myeloma/Waldenstrom
Macroglobulinemia
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Blood

Blood

Blood

Urine

Blood

Tumour

Urine

Blood

Tumour

Blood
and
Urine

Test for Metastasis
(Colorectal Cancer)/Test
for Recurrence (Breast
Cancer)/Measurement of
Response to Treatment
(Breast Cancer)

Targeted Therapy

Diagnosis/Measurement
of Response to
Treatment/Test for

Recurrence

Test for Recurrence

Test for Recurrence

Targeted Therapy

Monitor
Progression/Response to
Treatment

Monitor
Progression/Test for
Recurrence

Targeted Therapy

Diagnosis/Measurement
of Response to
Treatment/Test for
Recurrence



Found
Biomarker Cancer type in Clinical use

tissue

Gastrointestinal Stromal Diagnosis/Treatment

Kit gene Tumour/Mucosal Tumour L
Determination
Melanoma
Kirsten rat
sarcoma viral

Colorectal Cancer/Non -

oncogene Small Cell Lung Cancer Tumour Targeted Therapy
homolog (kras)
gene
Stage
dehyla&:ggaetﬁase Germ Cell Tumours Blood Assﬁ:?si?gﬁreor?tng‘sm
Response to Treatment
Nuclear_ matrix Bladder Cancer Urine Measurement of
protein 22 Response to Treatment
Diagnosis/Measurement
Prost_ate -specific Prostate Cancer Blood of Response to
antigen (psa) Treatment/Test for

Recurrence

Measurement of
Thyroglobulin Thyroid Cancer Blood Response to Treatment/
Test for Recurrence

Urokinase
plasminogen Breast Cancer Tumour
activator (upa)

Prognosis/Determination
of Treatment

2.2.5 Cancer Antigens

Cancer antigen molecules are molecules that can stimulate an immune
response from cancer patients. These molecules are useful as cancer
indicators for many reasons but one of the primary reasons is the fact

that by triggering an immune response they also s timulate the production
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of antibodies that specifically target and bind to these antigens . These
antibodies are the basis of most existing cancer detecting assays due to

their high specificity for binding with their target antigen. By measuring

the interactions between antibodies and antigens it is possible to quantify

the amount of antigent hat is present *, and this is why cancer antigens

are among the most studied means of detecting cancers.

An important milestone in the development of antigen based cancer

detection has been the widespread use of Prostate -Specific Antigen (PSA)
testing in the diagnosis and management of prostate cancer. PSA was firs t
identified in the prostate of dogs in 1972 and by 1980 an assay capable

of measuring its levels in human blood serum had been developed ¥,
Based on the addition of an anti  -PSA antibody and an Enzyme -Linked
Imm unoSorbent Assay (ELISA) technique, this method found its way into
clinical use within  several years and has been seen as one of the gold
standards exemplifying the success of antigen based detection. However,

it should be noted that in recent years the sh ortcomings of PSA testing
have been noted, in that it lacks the degree of specificity expected from

modern diagnostic me thods *.

In 2007 Polanski and Anderson * conduc ted a study identifying 1,261

candidate proteins that appeared to be indicative of cancers in the human

body. Many of these indicators were acknowledged to lack specificity, a

problem that was similarly noted with PSA testing. This shortcoming

could be ove rcome though, as the sheer number of these proteins means

that by quantifying a number of these biomarkers, greater statistical

specificity could be achieved for the detection and distinguishing of

cancers. This kind of assay, which achieves statistical sp ecificity by

measuring multiple biomarkers, i s“ndnef erred
addition, of the 1,261 possible targets a total of 274 were known to occur

in the blood plasma lending further credibility to the possibility that an
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antigen based multiplex assay could allow for the relatively non -invasive

diagnosis of cancers from patient blood samples.

2.2.6 Genetic Markers

With the recent developments in rapid, affordable gene sequencing and

the astounding progr ess in the understanding of genetics in the last 20
years a lot of interest has been directed towards the potential for the

direct detection of the underlying genetic causes of cancers and, as a

result, genetic indicators of the disease. While the theory b ehind this
research had been in place since the discovery of oncogenes in 1979 “,
the high cost of sequencing proved a great impediment to progress. Even
though sequencing has now become more affordable, the field of
oncogenetics is still in its infancy relative to the study o f antigen based
immunoassays. It appears, however, to show great promise for

application in diagnostics  “.

One of the most well -known and well -studied oncogenes are the BRCA1/2
genes, which is indicative of a high risk for breast cancer in female

patients. The first of these genes (BRCA1) was identified in 1994 % and
they are tumour suppressing genes that are particularly prone to

mutation and, as a result, loss of function. By 1999 a relatively simple test
for the BRCA1/2 genes had been devised *, and in recent years such
testing has become relatively affordable. This test is now seeing use for
determining the cancer risk in female patients with a family history of

breast cancer *“. In addition, such testing is under investigation as a

means to determine the most effective treatment for breast cancer

patients, as evidence has been found that cancers testing positive for

BRCA mutations are also more responsive to pla  tinum based

chemotherapeutic treatments  *.

It seems likely that in the future the field of oncogenetics could prove

revolutionary to cancer diagnosis and treatmen t, even though it is still in
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its early days. Associations like those noted for BRCA mutations have

begun to be observed more frequently in recent years, and research into
these associations and their use in medicine has intensified *. One of the
more well -understood cancers, prostate cancer, has become somewhat of

a focus for oncogenetics **, attempting to further the understanding of the
disease built up since the discovery of the PSA protein. Some recent work

has produced interesting results, such as a test that uses mutati onsin 13
genes to predict the prognosis of prostate cancer patients with an

impressive amount of accuracy *. Despite all this, cancer indicating genes
remai n the more poorly understood of the types of cancer indi cators
discussed in this chapter when compared to antigenic biomarkers and

this fact should be considered when deciding which offers a more reliable

sensor platform.

2.3 Detection Methods

2.3.1 Quartz Crystal Microbalance (QCM) Biosensors

The Quartz Crystal Microbalance (QCM) is one of the earliest and most

stud ied examples of a label -free sensing system, having been first
described as early as 1964 by William H. King *. QCM make use of the
piezoelectric properties of quartz (SIO ) crystals, exploiting the fact that
they oscillate at high frequencies when an electric current is passed

through them , resulting in det ectable acoustic vibrations . The frequency
of this oscillation is affected by interactions occurring at the surface of

the crystal *°. With the introduction of a detect  ion molecule (as shown in
Figure 3) this surface interaction can be enhanced v  ia molecular
interactions, increasing the observed dampening and shift of the

oscill ation frequency of the crystal.

45



Analyte Quartz Wafer

b YYYT'YYY/

Detector
Molecule
Oscillation
F
| |
Figure 3. A schematic of a QCM biosensor system using antibodies as detect ion

molecules. As analyte binds to the detect ion molecules, the mass of the surface

increases thus dampening the oscillation and enabling detection of the analyte.

2.3.2 Electronic Biosensors

Electronic biosensors can detect analytes using a wide variety of m ethods
but all are based on the same core conce  pt. In each case, detection is
achieved by measuring changes in the electronic properties of the sensor
(for example, its conductivity) in response to interactions occurring at the
surface of the material . Due to the importance of such properties in
almost every aspect of modern technology there are many ways to

guantify changes in the various electronic properties of a material.
However, the most commonly used methods for measuring these changes
in sensing app lications are chronoamperometry, chronopotentiometry,
Cyclic Voltammetry (CV) , and Electr ochem ical Impedance Spectroscopy
(EISY°.

Chronoamperometry and chronopotentiometry are among the simpler
technigues that can be used in electronic biosensing. During
chronoamperometry, the current across the sensing element is measured

over time while a constant or square wave potential is applied to it.
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Conversely, in the case of chronopotentiometry, the voltage across the
sensing element is measured while a constant or square wave current is

applied.

Cyclic voltammetry is, to an extent, similar to chronoamperometry but
uses a different potential waveform to extract more information from the
sensor. In CV, the voltage applied to the sensing element is varied over
time in a cycling triangle wave while the resulting current is measured.

This results in a graph of current vs v oltage with features that offer a
wealth of detailed information regarding the chemical equilibria of

reactions and interactions taking place at  the sensing element >,

EIS is decidedly more complex than the other techniques discussed

herein, but offers the ability to measure all of the major electronic

properties in the sensing element at once . This density of data makes it
ideal for biosensing applications, increasing accuracy by offering the

ability to measure the effec  t of receptor -analyte interactions on multip le
electronic properties in a single test . EISworks by varying the potential
across the sensing e lement in a sinusoidal waveform and measuring the
current. The frequency of the waveform potential is then varied across a

range and the current at each frequency is recorded resulting in a graph

of current vs frequency. Via various mathematical manipulati ons of this
resulting graph (for example the creation of a Nyquist plot, Bode

impedance plot, or Kramers -Kronig transform) a wealth of electrochemical
data can be obtained for the examination of the interactions occurring at

the sensor surface .

One common feature of most electronic biosensor designs is the shape of
the electrodes comprising  the sensing element. One typical Iy used d esign
is the ol nterdigitated EY%¥ c¢domposgckos 6 sensing
multiple straight, connecte  d, parallel lin es for each electrode, interleaved
to maximise cathode -anode interaction (as shownin  Figure 4a). A variant
of the interdigitated electrode that has seen use in some appl ications is
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that of the concentric circle interdigitated electrode ** (shown in Figure
4Db). This design fits slightly  more electrode surface into  a given area than
the standard interdigitated electrode design. An alternative sensor design
is the simpler parallel plat e electrode design which is often employed with

a tightly defined distance between the electrode plates (as shown in
Figure 4c).

a) b)

Figure 4. Diagrams of the most commonly used electronic biosensor electrode
designs, showing a) interdigitated electrodes , b) concentric circle interdigitated

electrodes and c) parallel plate electrodes.

2.3.3 Field-Effect Transistor (FET) Biosensors

One possible means of biomarker quantification for a straightforward,

robust biosensing platform would be the possibility of indirectly
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measuring the shift in electron density of the antibody as it binds to the
antigen. It seems reasonable to think that a probable means to achieve
this could be by the direct measurement of the effect that such changes
in electron density (as illustrated in Figure 5) would have on the
immobilisation media chosen for the sensor. By using a semiconductive
immobilisation medium, the changes in the dipole moment of the

antibody as it binds may interact with the distribution of electrons and

electron holes, this influencing the resistivity o f the surface.

Antibody

Electron Density
Shifts Away From
Conductor

Slight Positive Charge
or "Holes" build up in
Conductor

Figure 5. A basic diagram outlining the concept behind the FET detection
method. Depending on the polarity of the antigen, the charge on the conductor

may increase or decrease, affecting its conductivity.

This idea has been explored in the field of biosensing technology in
recent years, and such devi €ffest have
Tr an s i 8 Fied-efect transistors have been developed for a variety of
applications including  for use as biosensors *°, as pH sensing platforms  *
and as more generalised ion detecting sensors *". Such pH measuring and
ion quantifying FETs are referred -to

Ef fect Transi storsaoao, or | SFETs.
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The detection characteristics of FETs are tailored by changing the ligand
molecule atta ched to the surface. Fundamentally, by appropriately

selecting a ligand that undergoes a change in polarity or dipole moment

when subjected to the target conditions, the extent of those conditions

can be measured by the FET platform. If we examine the expl anatory
diagram in Figure 5 the ligand shown is an antibody (thus allowing for the
detection of the target antigen), but for other systems this antibody may

be replaced wi th a different molecule. For example, in the pH sensitive

ISFET developed by Gou et al. * the semiconductive single -walled carbon
nanotubes in the FET system are coated with (but not covalently bonde d
to) poly(aminoanthracine), a polymer which accepts protons becoming

more positively charged in more acidic environments. Furthermore, with
regards to biosensors, such biologically active platforms are not limited

to the scope of antibodies, with Wang et al.*® having publish ed a paper
that uses a surface functionalized with aptamers (which will be discussed
further in Chapter 2.5.3)to detect dehydro -epi-androsterone sulfate
(DHEA-S), an important metabolic biomarker in the field of endocrinology.
However, throughout all these differing ligands and applications the core
theory remains constant, that the change in the dipole moment of the

ligand influences the conductive properties of the semiconductor on

which it is immobilised.

Often, the semiconductive sur  face used in the construction of a field -
effect transistor is comprised of single -walled carbon nanotubes *° or any
other kind of nanowire *. It seems a logical assumption to think that this
technique should use nanowires due to their large surface area enabling
many antibodies to be coated  and immobilised onto the wire, thus

allowing the small effects of these antibody -antigen interactions to have a
large cumulative effect along the length of the wire. The use of nanowires
also has the advan tage of limiting the ability of detect ion molecules
immobilised in the desired orientation from contorting to adopt  a flat -on

or side -on orientation, as their rigidity would prevent them from twisting
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far enough to interact with the nanowire (unlike in the case of a flat
surface). Detect ion molecule in fla t-on and side -on orientations reduce the
sensitivity of the sensor because in these orientations the sensor surface

can block the active site of the detect ion molecule .

2.3.4 Surface Plasmon Resonance (SPR)

Surface plasmon reso nance is a technique whereby reflected

electromagnetic waves are used to measure the resonance of the free

electrons in a conductive medium  *. This medium is typically a metallic
conductor but can also be a semiconductor ®', This technique is probably
the most common means of label  -free quantification in biosensors for

many reasons, one of which is that it bears many similarities to the kinds

of photospectroscopic techniques that have been established in the f lelds

of chemistry and physics for centuries.

A surface plasmon resonance based  sensor works by shining a
monochromatic plane -polarised incident ray of infrared light into a prism
that is in contact with the functionalised conductive surface (see Figure
6). The ray then reflects off the conductive surface and the angles at

which it reflects are measured. The angles at which it does not reflect the
incident light are  related to the total mass of the material bound to the
surface *. Thus, in the case of an antibody functionalised surface the

angle at which this absorbance band occurs can be used to calculate the
amount of antigen present.  The use of SPR in biosensing applications is
well established and, as a result, is one of the mo re commo nly used

methods of detection for  label -free biosensor development =~ ®%4,
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Prism /

IR Light Source

IR Detector

Figure 6. A diagram outlining the  underlying principle behind an SPR ba sed
immunoassay. Note the darker absorbance band in the reflected light ,

representing a change in spectral intensity at this angle of reflection.

Finally, it should be noted that it has been observed that the sensitivity of
SPR biosensors can be greatly en hanced by the preparation of a
o0sandwitgh e 6 b dhese hissensors work by the addition of
nanoparticle derived labels to the sample that bind to the antigen once it

has already bound to the sensor surface. While this style of assay does
have the disadvantage of not b  eing label -free, there are cases where the
enhanced sensitivity it offers could prove extremely beneficial for

biosensing applications.

2.3.5 Spectroscopic Measurements

As a comparison to techniques such as FET and SPR, the centuries old
approach of the de termination of the concentration of analytes by
photospectroscopic measurements may also be utilized. Depending on
the spectral properties of the sensor surface the use of UV/Vis
spectroscopy *, infrared spectroscopy *, Raman spectroscopy ® or
potentially even the relatively  unexplored techniques of microwave or

radio spectroscopy ° could provide accurate measurement of the amount
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of adsorbed antigen by the well  -establish ed method of measuring the
shift in spectroscopic features once the antigen and antibody have bound

to each other °.

2.3.6 Electrical Percolation (EP) Biosensors

In addition to the numerous label  -free biosensor designs already

discussed, one method that has seen a relatively small amount of

explorat i on is the OEl ectrical Percol ation Bi
published (to the authorodos knowledge) desi
(EP) biosensor ** shares similarities with many FETs on a molecular level,

being comprised of carbon nanotubes coated in antibodies. However, its

proposed mechanism of action differs somewhat from that of an FET %,

Current FET biosensors usually make use of a single functionalised

carbon nanotubeint he form of a oquantum wired. The
biosensor, however, makes use of a matrix of multiple functionalised

nanotubes. Once the target molecule is introduced the matrix expands as

the antibodies bind to the target molecule, decreasing its ability t o carry

electrical current (See Figure 7).
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Electrode

Antibody
Carbon Manotube

Electron Flow

Target Molecule

Figure 7. A schematic depicting the proposed mechanism of action of an EP
biosensor. It is suggested that the additional steric bulk of the bound target
molecule causes the distance between the nanotubes to increase, decreasing the

ability of el ecltartoends atcor oospse rtchoat gap.

The scarcity of publications utilizing this biosensor design should be

noted, and its examination is far behind that of the more established
methods above . Despite this, considerat ion of the EP sensor serves to
highlight the potential importance of supramo lecular interactions in the

design of a biosensing platform.
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2.4 Design of Functionalised Surfaces for Label-Free
Blosensing

The design of label -free biosensing platforms generally relies on the
immobilisation of a detect ion molecule (generally an antibod y, DNA probe
or aptamer) on a solid surface. This immobilisation most commonly

takes one of two forms: covalent capture or affinity capture %% Covalent
capture involves the covalent linkage of a detector to a surface (either

directly or via the use of a linker molecule) while affinity capture relies on

non -covalent interactions such as hydrogen bonding to imm obilise the
detector, often using biomolecules such as protein G and protein A for

this purpose *% (see Figure 8). While covalent capture can minimise
degradation of the biosensor over time (due to the strength of the

covalent bond), affinity capture allows for easi er orientation specific
binding **% which ensures that detect ion molecules are captured in an
orientation allowing for maximum binding efficiency (a task that is often

difficult using covalent capture). A s such, the selection of a suitable
capture technique depends largely on the intended application of the

biosensor.

A. B. C.

\\ / Detecmr\\ l’ Protein G \I/,

Molecule

\

Linker

Figure 8. lllustration of the major methods of protein immobilisation in label

free biosensor development: A) di rect covalent capture, which is only possible

with suitably reactive surfaces; B) covalent capture via a linker, allowing the
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linkage of detectors and surfaces unsuitable for method A; C) an example of an

affinity capture method (in this case, using Prote in G to immobilise an antibody).

2.5 Detection Molecules

2.5.1 Antibodies

The most studied and most reliable means for the quantification of cancer

biomarkers is based on the interactions between antibodies and antigens.

Antibodies are proteins  produced by the immune system that bind to

specific molecules. The molecules that they
and these antigens are usually the product of a disease state . In the case

of cancer, these antigens are usually proteins that are upregulated

(meaning they trigger their production in greater amounts) by the cancer

disease sta te or modified proteins resulting from oncogenetic

mutations *.

Antibodies (also know n as immunoglobulins) all have a unique binding
region that targets their antigen but the rest of the protein generally has

a distinctive Y -shape or some variation thereof  #. They are classified into
isotypes of immunoglobulins " (written as Ig for short), these are IgG, IgE,
IgD, non -secretory IgA, secretory IgA and IgM. While IgG, IgE, IgD and

non -secretory IgA all share the simpler Y  -shape of the monomeric
immunoglobulins, secretory IgA is dim eric (appearing astwo Y -shapes
end-to-end) and IgM is pentameric (appearing as five Y  -shapes arranged
as the points of a five -pointed star, see Figure 9). The most common
isotype of antibody is the IgG isotype ™, it has the highest affinity for its
antigens ™ and, as a result, most antibodies commonly used in assays

belong to this isotype.

The specific interaction of the pro  tein and the antigen occurs at the top of

the upwards pointing arms of the Y  -shape, and these regions can be
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produced in isolation from the rest of the molecule 2. These fragments are
known as Fa b fragments, and see some use in immunoassay development
as some of their properties (such as decreased molecular mass and

volume) can sometimes prove advantageous . In most cases however, the
whole antibody is used simply because it is generally a significantly

cheaper alternative

N

|
“ S ? ..}§“-—_::f..

__\
I N\ / \
IgG, non-secretory Secretory IgA # / \ ~g

lgA, IgD and IgE

IgM

Antibody Binding Site

4———— Antigen

Figure 9. Schematic depicting the appearance of the immunoglobulin isotypes,

as well as the orientation in which an antibody binding site binds to an antigen.
When the binding site is separated from the rest of the antibody it is usually

referred to as a Fab fragmen t.

A reusable anti body based assay requires
antibody, i.e. the bonding of it to a surface to ensure that the antibody

required for testing is not removed by the testing process. There are a
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great variety of ways to do this includ ing covalent bonding, adsorption
and the use of a protein linker  *. Some more complex methods use
combinations of nu merous biomolecules to ensure the proper, upright
orientation of the antibodies when they are bonded ®. However, in most
cases this is not entirely necessar y and the simplest, most robust way to
immobilise an antibody onto a surface is through covalent bonding,

usually via epoxidation of the surface ™.

While many immobilised antibody based immunoassays have been

developed (such as the now commonplace Enzyme  -Linked

| mmunoSorbent Assay or OELI SA6 platform, for
available Viro nostika® brand marketed by Biomérieux Diagnostics ), few
arereusableandalm ost al | require the use of a o0l abe
molecule intended to aid in the detection of the antibody -antigen

interaction. A reusable, label -free assay would offer the advantage of a far

cheaper, more efficient assay option. As a result of this , the detection

methods for immunoassays discussed below are aimed towards the

possible development of such a system.

2.5.2 DNA Probes

An alternative to the detection of cancers via antibody antigen

interactions is the possibility of detection by interacti ons between genes
and complimentary DNA strands. These detectors are based on similar
principles to the antigen and antibody based sensors described above but
rather than relying on amino acid based interactions they rely on the
interactions of single stra nded DNA on the sensor surface forming double
stranded DNA with loose DNA fragments from the sample. Such

biosensors have been investigated  extensively using SPR based
detection * in particular. Complementary DNA interaction based sensors
would offer the possibility of detecting the causes of a cancer at their
source, with a high sensitivity and selectivity but suffer from the

disadvantage that samples used for this technique require several hours
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of preparation via PCR *. The new DN A amplification technique of LAMP ™
could potential Iy replace PCR in this application, but LAMP has the
drawback that it can only be used effectively on specific DNA sequences,

thus limiting the scope of a LAMP assisted DNA biosensor significantly.

These drawbacks mean that, currently, DNA detection based biosensors
remain somewhat less attractive for clinical applications than antibody

based sensors.

2.5.3 Nucleic Acid Aptamers

Aptamers are oligonucleotides (and sometimes polypeptides) with the

ability to bind to target molecules with a high degree of specificity . For
the purposes of this discussion, the focus will be limited to nucleic acid
aptamers because they are more commonly used in biosensors ®. Despite
their classification as nucleic acids, the mechanism by which aptamers

function is more  akin to that of antibodies than DNA probes. Like

antibodies, they bind to targets as a result of how their tertiary structure

orients their functional groups and the key distinction between antibodies

and nucleic acid aptamers is that the aptamers are pol ypeptides. As a
result of this similarity, aptamers are already being investigated for a

variety of clinical applications % . As such, aptamers can often be applied
to fulfil many of the same roles in biosensors that antibodies can. With
regards to research into label free biosensors, aptamers have been

applied to both SPR based platforms  ® and FET based platforms **% with
the observed results being comparable to those observed from

antibodies, further highlighting the similarities between these classes of

biomolecules.

Aptamers have, so far, not seen the same widespread clinical use that
monoclonal antibodies have enjoyed. There appear to be no definitive
reasons for this other than the fact that antibodies have been around

longer, and therefore, one might speculate that the incentive to develop

aptamer based technologies was small because this niche had already
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been filled. A number of reviews have been published recently that have

begun to argue that aptamers offer several key advantages over

antibodies that have become  more evident as the necessary technologies

have matured "% . These advantages include greater performance in

sensors (selectivity, affinity, etc.), more stability, more easily manipulated
chemistries and (in the case of their use as drugs) greater

bioavailability ®7°% . In addition, the use of specialised aptamer

devel opment techni gu etisEvelutientof LigasdsbdySy st e ma
EXponential enrichmentd (SELEX) allow for th
development of new aptamers for specific targets in a fraction of the time

required to develop a new antibody  **®. Finally, because aptamers are

comprised of relatively short sSSRNA and ssDNA strands rather than large

polypeptides they are usually cheaper to mass pro duce than their

antibody counterparts *°. For these reasons, the study of aptamers has

seen significa nt increase in recent years, see  Figure 10.
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0 apt ameery§ear since their first mention . Itis clear from this chart that

interest in aptamers has grown near exponentially in recent years.

2.6 Sensor Surfaces

Due to the prevalence of SPR, electronicand  FET based biosensors sensor
surfaces used in the dev elopment of label -free biosensors are quite often
conductive or semiconductive in nature 8618t As such, many sensors tend
to be based on gold due to its high conductivity and the ease with which

it can be covalently bonded to thiols  ®. However, there are many

alternative possibilities to consider for different applications and these

will be discussed below.

In the development of SPR based biosensors research has begun to move
away from the use of planar gold film in favour of nanoe  ngine ered
materials. Some more recent designs have incorporated the use of gold
nanorods and gold nanodots  ® instead, attempting to inc  rease the
sensitivity of SPR assays by increasing the surface area of th e sensor
surface. Similarly, attempts have been made to develop nanoimprinting
methods that would allow for the enhancement of SPR sensor surface

area®. Gold, however, is not the only metal to have been explored for use

in SPR based biosensors, with alternatives such as chromium pla ted silver

also seeing use ¥.

Unsurprisingly, electronic biosensor development has advanced in much

the same direction as SPR bio sensors by favouring the use nanostructured
materials, presumably also to maximise the surface area available on

which sensor -analyte interactions can occur.  In another parallel to the
development of SPR biosensors, many electronic biosensors have

continue d to make extensive use of gold as their sensor surface *° due to
its favourable electronic properties and e ase of functionalisation ®.
Despite the ub iquity of nanostructured gold based electrode designs

within this field, there has also been a large amount of research into
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alternative materials that are suitable to be used as sensor surfaces in
electrochemical biosensors such as conductive polymers ¥ (e.g.
polypyrrole) or nanocomp  osite materials *. When compared with gold
nanostructure based sensors the more common alternatives generally

offer less sensitivity ** but have the advantage of being significantly

cheaper to manufacture.

While SPRbased and electronic sensors are mostly confined  to the use of
conductive materials as a sensor surface, FET biosens ors rely on the use
of semiconductors. Due to their importance to the modern electronics
industry new semiconductive materials are constantly under development
offering a range of potential material to be explored for use in FET
biosensors. While most of t  he existing FET systems in the literature
appear to be based on the use of quantum wires, a number of more

recent papers appear to have shifted towards the use of a graphene based
guantum well **%_ This kind of quantum well system has the advantage of
being easier to prepare than a system based on quantum wires but
suffers from the disadvantage that the monolayer graphene currently

used in their construction is currently quite expensive to produce.

As a result of the problems associated with monolayer graphene based
FET biosensors a number of alternative semiconductors have been
investigated. Traditionally, silicon semiconductors have dominated the
field of electronics and as a result silicon has been explored as a
potentially suitable material. Similar to carbon nanotubes, a system based
on silicon quantum wires has been demonstrated to give the desired
effect ** and a silicon wafer based FET biosensor has, in fact, been
designed recently °, making use of a molybdenum disulphide coating to

affinity capture DNA probes on its surface.

Other materials that have been ex plored as alternatives are

semiconductive and conductive polymers such as polyaniline *** and

polypyrrole *. These materials have the significan t advantage of being
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extremely cheap relative to other materials studied. Another conducting

polymer that has seen extensive application in other biomedical devices %
but is relatively understudied as a polymer for use in FET biosensors is

poly(3,4 -ethylenedioxythiophene) ¢ (often referred to as PEDOT). These
semiconductive polymers have all been shown to be applicable in FET

biosenso rs and have the significant advantage of generally being cheaper
than other gold based and nanoparticle based alternatives currently

available.

2.7 Nanostructure Fabrication Techniques

2.7.1 Chemical Deposition

Chemical based methods for  nanostructure deposition usually rely on

metal ion based redox reactions, growing the desired nanostructures by
reducing metal ions out of solution 97%9 Often this is achieved via
electrochemical means, using the deposition substrate as an electrode in

a circuit pass ed through an electrolytic cell containing ionic species of the
desired metal . It is also possible to deposit structures with different
morphologies using a chemical reduction method, such as reaction with a
lewis base *. Due to factors discussed in  Section 2.6, nanostructures
intended for biosensing applications would most often be comprised of

gold. While chemical deposition of gold is possible, it is often deposi ted
from a chloroauric acid solution . The pr eparation of chloroauric acid
involves the dissolution of gold in
that is extremely damaging to the environment and which raises major

safety concerns for handling. As a result, chemical deposition based
biosensing pla tforms would be quite difficult to manufacture on a large

scale without either implementing major measures to ensure personal

and environmental safety.
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2.7.2 Nanoimprinting and Nanolithography

Nanoimprinting and  nanolithography are examples of subtractive
methods of nanostructure fabrication. Perhaps the simplest of these
meth ods, nanoimprinting creates nanostructures through the use of a
mechanical mold **. Commonly , nanoimprinting involves placing this mold
in UV-initiated polymer resin and using a UV lamp to cure this resin in the
shape of the pattern on the mold ' (Figure 11). While this technique has
the advantage of being easily scalable and relatively inexpensive it does,
however, suffer from the drawback of being largely limited to use in the
fabrication of nan ostructured polymers making it somewhat of a niche

technology in the field of biosensor research.

Roller Mold

Direction of

Movement

Uncured
Resin

Cured Nanoimprinted
Polymer

"\UV Lamp

Figure 11. A diagram of a simple roller -based nanoimprinting setup. This kind of
continuous roller nanimprinting method readily all ows for the mass production

of nanoimprinted polymeric materials.

Nanolitho graphy is the use of photolithography in the preparation of
nanoscale structures. Photolithography is a technique whereby a pattern
is etched into a substrate surface by the creatio n of a protective Ore

that leaves the desired pattern exposed followed by the chemical
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destruction of the exposed substrate 192 This resist is usually prepared by
photocuring, using opaque regions on a transparent sheet to prevent

curing in the pattern desired for the etchin g phase '*. During the
nanolithography process ( Figure 12), the surface of the wafer is first
oxidized, producing a thin layer of silicon dioxide. Then, the wafer is

coated with a UV curable liqu id photoresist before a glass plate with a
pattern is used to cure the photoresist. The unexposed, still liquid

photoresist is then washed away with a developer, leav ing a solid resist
coating. T he exposed silicon dioxide is  then etched away using an
ammon ium fluoride/hydrofluoric acid solution. Finally, the photoresist is

removed using sulphuric acid, leaving an open microscale channel.

Photoresist
Oxidation Coating
Silicon Wafer 5i0, Layer (~1um thick) Liquid Photoresist Coating (~1um thick)
UV Exposure
Opaque Pattern UV Light
Glass Plate
L ET L
Il < IR < e
. UV Cured,
Resist Hardened
Removal Resist

Figure 12. The process of photolithographic etching of silicon wafers . This

process is used in microprocessor manufacturing 10z,

2.7.3 Laser-Based Deposition

Laser-based deposition techniques are attractive options for the

fabrication of nanostructured surfaces due to their environmental
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friendliness and avoidance of the use of dangerous reagents. These
techniques generally rely on the condensation of nanostructures from an
ablation plume produced by a laser pulse 13104 The most extensively
studied laser -based deposition technique is Pulsed Laser Deposition
(PLD)*** (Figure 13a). This technique allows for the creation of highly
homogenous nanostructure films with very controllable morphologies and

as a result this technique has received a lot of interest in the research
community. However, it also is a technique that must be perf ormed in an
extremely low -pressure vacuum environment  and can take several hours
to deposit a reasonably thick nanopatrticle film . This makes the process of
PLD difficult to scale -up to mass scale production.  In response to this
barrier to the industrial scale  -up of PLD, a number of atmospheric
equivalents have been developed with the one that has attracted the most
interest being Laser -Induced Forward Transfer (LIFT) ' (Figure 13Db).
LIFT makes use of lasers with higher pulse frequencies to ablate a donor

film forward onto the desir ed deposition substrate. This technique has

the benefit of being able to be performed in atmospheric conditions

(unlike conventional PLD ) and in a fraction of the time (often minutes or
seconds) . The dra wback of LIFT is that the shorter pulse width
ofemeosndd | asers generally used in this tec
more expensive than the  more common nanosecond and picosecond

lasers used in conventional PLD.
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Figure 13. A diagram of: a) the conventional PLD technique, the vacuu m
chamber pictured could be evacuated to a pressure as low as 10 * Torr'*; and b)

the LIFT process, the laser beam scans from left to right ablating the donor film,

depositing it in a nanostruc tured format on the substrate.

2.7.3 Dewetting

Contrasting with section 2.7.2 above, there are other laser -assisted
nanostructure fabrication methods that are not deposition based. Of
these, one of the most widely used is the direct laser irradiat ion of metal

thin films on a substrate in a process known as dewetting **®°*. In the
dewetting process a thin metal film is rapidly melted , resolidifying into a
nanostructure surface . Because the dewetting technique is able to be
performed in atmosphere and without the ne cessity of a femtosecond
laser this technique has been widely studied and as a result is quite well
understood. As a result, this technique can offer a high degree of
morphological control when compared with other methodologies n
However, this technique is of cou  rse not without its disadvantages. As the
process requires rapid heating/cooling of the metal film it therefore

requires that the film be placed on a thin substrate with a maximum

thickness of several hundred nanometers and a high melting point % For
this reaso n, some of the most commonly used substrates are inexpesive

wafers of Siand SiO,"®** although many versions of the process
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absolutely require the use o f far more expensive materials  such as c -plane

sapphire **2.

2.8 Nanoparticle Colloids

In the fabrication and functionalisation of nanostructured surfaces

nanoparticle colloids are often used as a readily available source of

nanostructured material ****. A colloid is a dispersed suspension of

particles with a diameter of less than 500nm 14 Generally, these colloids

are aqueous and there are many methods for their preparation

Depending on the method of production, nanopatrticles may be

functionalised (with bound ligands on their surface) or unfunctionalized

nanoparticles (referredtoas 0 bar e 6 n an omaabe syntlesiseds In

addition to this classification, colloids are a Iso classified as either

ol yophilico6o (meaning their particles prefer
solvent) or oOlyophobicdé (meaning their part.
dispersed in their solvent) ***. Lyophobic mixtures will only ~ remain stable

for a certain amount of time before their particles begin to aggregate and

crash out of t he colloid and for this reason lyophobic colloids are often
ostabilisedd by functionalising their partic
increases their affinity for the solvent  ***. The primary methods for metal

nanoparticle colloid preparation will be discussed in this section.

2.8.1 Chemical Reduction: Monophasic Reduction Reactions

The most common way to synthesise metal nanoparticles (and thus the
most important to discuss)  is the reduction of a solution of a high
oxidation -state reagent containing the desired metal. By reducing the

metal ions in solution and controlling t he conditions of the reaction
particles of various sizes and shapes can be produced. By introducing a

"capping agent” to the reaction (a molecule that binds to the produced
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particles), the rate of particle growth can be inhibited by steric hindrance.

Perhaps the earliest example of such a chemical reduction synthesis

met hod is the o0Tur ke v ihat lthloMautichadd &glutiomh er e i n
(HAuUCI,, a solution of gold in aqua regia) is reduced by the addition of

sodium citrate  (Na,;CsHs0O,) yielding a nanopartic le colloid with particle

sizes ranging from 10 -20nm #*>%* (Figure 14). In this method, sodium

citrate serves as both the reducing agent and the capping agent for the

reaction, making it a relatively simple example of a chemical reduction

based nanoparticle synth esis method. The citrate ligands left on the

nanoparticle also serve to stabilise the colloid, resulting in a lyophilic

dispersion.

- Na+ B
cl (0] (0]
o 0 0
.
H Au + Na Na & — g
CI'éIVCI )
0 o}
OH

Figure 14. A chemical equation schema outlining the Turkevich Method of
nanoparticle synthesis (r esulting in a nanoparticle coated with citrate ligands).
This process is currently one of the more common methods of nanoparticle

production.

This method was later refined further to allow for a degree of particle size

control inthe 15 -150nmrangeinwhat i s known as t HensoTur kev
Met hod6. This was achieved by varying the
Turkevich reaction, allowing for particle size control by changing the

chloroauric acid to citrate ratio nr,

While the redox chemistry of the Turkevich method is quite
straightforward, the exact mechanism of the reaction has been a subject
of debate since its initial discover y. Early research by LaMer to elucidate

the specifics of the mechanism of this reaction conclude d that the
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process appeared to be described well by the application of Classical
Nucleation Theory (CNT) to nanoparticle growth, a variant of nucleation
referred to as 0B (Fgure Iba)cih senacteationrbased
growth model, the process first begins with primary nucleation (wherein
nucleation centres spontaneously  form throughout the solution ) followed
by secondary nucleation (wherein the unstable species around the

nucleation centre react with it thus causing it to grow )**. However, i t was
later found that the kinetics of the Turkevich reaction were inexplicable
within the framework of  the LaMer model *®*?*. As an alternative to CNT,
Reiss proposed a 0Growt h by?® Dihédrawhbyondé model
diffusion model, reduced atoms diffuse throughout the reaction medium

via Brownian motion and only be  come part of a particle once they move
within a certain distance of an existing particle 12212 (Figure 15b). Although
the growth by diffusion model appeared to explain some of the

discrepancies in the CNT model, its prediction of monodispersed patrticle

size was clearly only true in niche cases, lea  ving many questions

regarding th e reaction kinetics . A number of competing extensions to the
LaMer model were developed, such as (for example) the model proposed

by Chow et al in which it was propos  ed that the reaction was  better

described by the inclusion  of a reversible aggregation/deaggregation

reaction for the particles during their growth by nucleation ¥4 (Figure 15c).
In addition to aggregation/deaggregation models such as th e Chow
model , sever al model s pr opo s(apmrecipitatmat ©0Ost wal d

mechanism whereby colloidally unstable smaller particles aggregate onto
more stable larger particles , Figure 15d) was the primary mode of

nanoparticle gr owth rather than nucleation 14
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Figure 15. Diagrams of numerous proposed colloidal nanoparticle growth
mechan isms where red/blue/grey circles are positive/negative/neutral atoms,
gold circles are nanoparticles and green arrows are electrostatic forces on
atoms. Each diagram represents: a.) the LaMer burst nucleation model, b.) the
Reiss growth by diffusion model, c.) the Chow aggregation model, d.) the
Ostwald ripening model, e.) Polteds category 2

represents the EDL) and f.) Polteds categ

Beginning in 2010, Jorg Polte and colleagues began a series of

experiments attemptingtod  iscern the true mechanism of the Turkevich
reaction. They began their enquiries by using Small-Angle X -Ray
Scattering (SAXS), X-ray Absorption Near Edge Structure (XANES) and
UV/Vis spectroscopy to examine the reaction kinetics. These experiments
strongly suggested that the reaction begins with a rapid nucleation step

and a competing coalescence or aggregation step of some kind 28 “that it
proceed s accord ing to a 4 step process '’ and that the 4 ™ step of this
process is not a result of aggregation ~ **®. At this early stage, the following

reaction steps were proposed:
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Formation of nanoclusters by burst nucleation
Either Coalescence or Ostwald Ripening
Diffusion Based Growth

P wnNPF

Faster growth via an unknown mechanism (speculated to be some

form of autocatalytic reduction at nanoparticle surfaces )

Based on these findings, later experiments sought to distinguish between

the possible mechanisms of  Step 2 and to discern the process underlying
Step 4. By examining the formation of silver nanoparticles in glass 129
(which severely hampers the movement of clusters larger than an at om) it
was found that the resulting metal nanoclusters were stable and that the
reaction kinetics were similar to those expected for the above

mechanism. This finding implied that Ostwald ripening was unlikely to be
responsible tor step 2. Finally, observa  tions made using UV/Vis
spectroscopy suggest that step 4 cannot be due to the absorption of gold
ions *°. Although this does leave the exact nature of step 4 elusive, it does
very much narrow down the range of possible processes by which it might
proceed. Polte also notes that based on the elucidated mechanism thus
far (for steps 1 -3) the observed changes in colloid colour would not seem

to make sense if they were simply based on increases in particle size and
that it might thus be speculated that this change is due to dielectric

inte ractions near the particle surface ™. It is understood that the high
density of negative charge in metallic or metalloid nanoparticles attracts
positive ions to their surface, giving rise to an Electrostatic Double -Layer
(EDL)*" and based on this idea and the available evidence and

observations Polte has hypothesised that as the particles grow d uring
step 3 their electron density begins forming an EDL. As the most readily
available positive ions in solution would be (in the case of the Turkevich
reaction) Au ** ions this causes these ions to build up in high

concentration around the particle as it continues to grow by a diffusive
growth mechanism. Finally, once step 4 is reached, Polte suggests that

the Au ** ions in the EDL likely begin to get reduced, causing the particle
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to grow at the extremely high rate observed without aggregation or the
direc t absorption of gold ions  ***. Taking this hypothesis as the best
proposed explanation would suggest that the steps of the Turkevich

reaction proceed as follows  (Figure 15e):

Formation of nanoclusters by burst nucleation
Coalescence of nanoclusters

Diffusion based growth and formation of EDL

W NP

Reduction of and resulting coalescence of ions in the EDL

With a plausible and well -reasoned hypothetical mechanism for the
Turkevich reaction proposed, it then becomes necessary to offer an

explanation for the kinetics of the many chemical reduction based

reactions that devi at eed q weno icdhforseam@el ur ke v i

the commonly used alternative method of the reduction of chloroauric
acid using sodium borohydride (NaBH ) instead of sodium citrate (as is
used in the Turkevich reaction)  clearly deviates from the kinetics of the
traditional Turkevich re action . This reaction instead appears to proceed
via a far simpler mechanism wherein burst nucleation occurs followed by

coalescence similar to steps 1 and 2 of the Turkevich method 3 Polte

refers to this simpler mechanism as a o0Category IFiguresdf)t hesi s

while referring to the Turkevich style

difference in category 1 syntheses is that during step 1 the reducing

agent is used up completely before proceeding to step 2.

Examining the kinetics of these categories it is clear that in a category 1
synthesis the rate of growth via nucleation must exceed the rate of
growth due to coalescence, thus creating conditions in which nucleative
reduction proceeds to completion before coalescence becomes the
dominant mechanism of growth (the point at which it transitions from
step 1 to step 2). In contrast, it is evident that as a category 2 synthesis
transitions fro m step 1 to step 2 some reducing agent still remains,
giving rise to the conditions allowing for it to eventually resume
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nucleative reduction in step 4  **'. Thus, a s the rate of aggregation is
primarily determined by colloidal s tabilit y, it thus stands to reason that

this parameter should strongly influence whether a reaction is category 1

or category 2 . The other important in this determination is the rate of
reduction, which is  obviously primarily dependent onthe  strength oft he

reducing agent and the redox potential of the oxidised metal species.

Considering the available evidence, these hypotheses offered by Polte et
al. appear to offer the most plausible mechanism for the Turkevich
reaction and, similarly, the most plausible framework for the

understanding of monophasic metal nanoparticle colloid syntheses.

2.8.2 Chemical Reduction: Biphasic Reduction Reactions

As the study of nanopatrticle colloids has advanced the control of

nanoparticle size and colloid dispersity has been a key driver for the
development of new synthesis methods. As the development of new
synthesis methods continued eventually the benefits of biphasic reactions

in colloid synthesis were discovered. The first of these biphasic methods
poularised wasthe o0 Br «6cthi f frin Met ho%l &ntheBrug-ynt hesi s
Schiffrin reaction  chloroauric acid is reduced with sodium borohydride

similar to a variant of the Turkevich method discussed in Section 2.8.1.
However, the Brust -Schiffrin reaction takes place in a biphasic

toluene/water solvent and makes use of TetraOctyl Ammonium Bromide

(TOAB) and a thioalkane (such as dodecanethiol) as a phase -transfer
catalyst and capping agent respectively. Despite its initial similarities to a
Turkevich style reaction with a borohydride reducing agent the Brust -
Schiffrin reaction has the advantage of being a room temperature reaction
resulting instead in the production of very small thiol ate functionalised
nanoparticl es with sizes inthe 2 -5nm range **°. These advantages of
biphasic syntheses are somewhat offset by the disadvantage tha t
purification of a colloid prepared by this method is often more complex

than for simpler monophasic equivalents (for example, the Brust -Schiffrin
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method results in a colloid that requires Soxhlet extraction for

purification).

Despite the usefulness of th e Brust -Schiffrin method and its growing
importance it remains a somewhat niche method for colloid preparation
relative to the ubiquity of monophasic Turkevich style reactions. As such,

its exact mechanism is still a subject of great uncertainty and debate 132133

2.8.3 Photolysis

Photolysis (that is, the splitting of molecules using photons) offers an
interesting alternative to chemical reduction methodologies for the

synthesis of nanoparticle colloids. In most photolytic colloid syntheses a
solution of a metal complex or salt is dissolved in a solvent and is

exposed to a photon source of a specific wavelength. This methodology
has been used in the production of a variety of nanoparticles using
ultraviolet *****  microwave “***" and gamma “**** radiation. These
methodologies have proven versatile proving capable of producing

particles as small as 0.5nm *** from materials as varied as gold  **°,

silver ***" 'palladium ***, iron -platinum alloy ** and iron oxyhydroxide **.

Importantly, the mechanisms of these photolysis reactions appear to

differ between cases where UV or microwave radiation is used and cases
where gamma radiation is used. In UV and microwave photolysis

reactions, the dissolved metal species is commonly a metal complex 1403
suggesting the photolysis occurs through a simple ligand dissociation

reaction wherein the energy is provided by the incident photons. In
contrast, gamma photolysis reactions are commonly performed using

metal salts ***** | suggesting that this type of photolysis occurs via the lysis

of water molecules to produce hydroxyl radicals that subsequently reduce

the metal ions present '*. Likely, this difference is primarily due to the

differing energies of each type of photon, as microwaves and UV rays are
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too low energy to split water atoms while gamma radiation has the energy

to achieve this.

2.8.4 Pulsed Laser Ablation in Liquid (PLAL)

Since its discovery there has been gr owing interest in the development of
the Pulsed Laser Ablation in Liquid (PLAL)  method as a simple , rapid and
environmentally friendly methodology for the production of bare

nanop article colloids ****° . This methodology involves placing a metal
sample in a solvent (usually water) and ablating the metal with repeated

pulses of an incident laser beam %% (Figure 16).

Figure 16. Schematic of the effect of a single laser pulse in the PLAL method. In

general use, PLAL makes use of repeated pulses such as this to produce a

colloid.

In the mechanism of the PLAL reaction the laser produces a plasma plume
at the surface of the metal target, which is subsequently cooled and
compressed by the surrounding liquid resulting in the formation of
nanoparticles ***'* . This technique has been proven to be a highly versatile
synthetic met hod, allowing for the facile production of colloids from a

wide variety of materials including gold v Lsilver %, platinum
palladium ***, carbon ', silicon *°, aluminium *°, zinc ** and zinc oxide
among many others *°. The diameter of the resulting particles is also
controllable within a range (the size of which dependent on the properties
of the specific material) by the introduction of suitable ligands to the

liquid **7, by varying its pH ** and by varying the fluence of the incident
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laser beam **. In general it has been found that the pH of the liquid is

inversely proportional to the size of the nanoparticles produced and that

fluence is directly proportional to particle siz e.

Figure 17 . Photographs of gold nanoparticle (left) and zinc -based (right)

aqueous nanoparticle colloids produced using the PLAL method.

The PLAL technique generally produces stable colloids with a high degree

of clarity ideal for spectroscopic testing applications ( Figure 17). In
addition to the versatility and controllability of the PLAL methodology it is

also one of the few methods of nanopatrticle synthesis that is readily and
safely scalable. The technique has been applied in continuous flow
multigram nanoparticle production platforms ** and has even been used
in pilot -scale platforms producing particles at a rate of up to

400g/hour ***. Thus based on this proven scalability and the inexpensive,

fast and green nature of the method it seems likely that PLAL will
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continue to grow in importance as a nanoparticle production technique

over time.

2.9 Biomicrofluidics

Microfluidics is the science of developing systems for the control of the

flow of liquids in micron  -scale channels *°. The study of microfluidics is
often applied to microfluidic chips for the design of novel sensor

platforms, separation platforms, preconcentration of analytes and a wide
variety of other applications. Microfluidic techniques have seen increased

use in recent times due to the many advantages they offer over traditional
systems. They generally require less analyte than traditional systems, are
more compact and offer greatly enhanced s ensitivities. This is largely
because the ratio of sample volume to surface area in contact with the

sensor is significantly increased on such a small scale %0 (see Figure 18).
The term oObiomicrofl ui di csobmigrofuidests t o
solve biological problems, most often the use of microfluidics in the

development of biological sensors.

Channel Wall

Figure 18. lllustration of the relationship between the dimensions of a channel

and the surface area in contact with its contents. Note how the volume in each
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case is the same but the smaller channel has greater contacting surface area.
This increased surface area pr esents a signficant advantage for biomicrofluidic

sensors, as it maximises the interaction between the analyte and the sensor.

Microfluidic platforms are quite often created in the form of a chip 150151

and often offer a compact system allowing for the performance of tests

normally carried out in a laboratory. Many chips can be placed in

sequence or designed with complex architectures performing many

functions, |l eading to the +om5a&clhifpd hteo popul

describe them.

While the use of biomicrofluidics in the development of a biosensing
platform offer the obvious advantage of al lowing increased sensitivity it
also may offer other benefits in the form of simplifying sample

preparation. One interesting development that occurred recently which

may have relevance to this project is the design of microfluidic chips
capable of separati ng blood plasma from cells  **>** | a process normally
performed using the more expensive and time -consuming method of
centrifugation. The simpler of these systems %2 is based on crossflow
filtration ( see Figure 19), which has the advantage that it will not get
clogged with repeated use, whereas the other design %% uses gradual

filtration, trading this reusability for a greater sepa ration efficiency.

Inlet Blood Outlet

# Plasma Outlet

Figure 19. An illustration of Crossflow Filtration separating blood plasma from
blood. The gaps in the wall of the channel are small enough to exclude cells
from the plasma outlet without excluding proteins and other blood plasma

components.
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Components such as the filtering apparatus discussed above may be

desirable for certain applications but unnecessary for others. Microfluidic
components are often expensive and, as a result, some researchers have

given consideration to the possibility of modular microfluidic systems 154,155
(Figure 20), allowing for the easy removal, rearrangement and

replacement of components in a microfluidic system. Such platforms offer

a great degree of versatility with a given set of components, greatly

simplifying the design of new experiments and allowing for rapid

prototyping.

Figure 20. A photograph of a modular microfluidic system developed by

Langelier et al. in 2011 **®

In addition, quite a lot of research has been dedicated to reducing the
inherent cost of microfluidic systems, with a lot of focus in recent years

being placed on the prospect of microfluidic devices fa bricated using 3D
printing technology **. 3D printing is a technique that readily allows for

the cheap, fast, precise and automated production of microfluidic devices

and components (most commonly made from PDMS, though many other

polymers have been used), further increasing the attractiveness of
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microfluidic techniques. The applications of 3D pri nting in microfluidics
have ranged from the printing of individual components to the printing of
entire chips, allowing for unprecedented ease in the production of new

prototypes for biomicrofluidic applications oL

2.9.1 Fabrication of Microfluidic Systems

The most common method currently used in the fabrication of microscale
systems is the well -established technique of lithography. There are a

number of variations on lithographic techniques (with the most common

being photolithography , discussed in Chapter 2.7 .2) and the development
of lithography has thus far been primarily driven by developments in

integrated circuit technology  '%, fuelling the microprocessor revolution

and the ongoing miniaturization of computer technology.

When photolithography is used in the fabrication of microfluidic channels

itcreates 0 open channel s6, channeft°sOftemj ébpen onl y t |
channels are perfectly suitable for microfluidic applications because they

still exhibit the capillary action that allows liquids to flow through a

microfluidic system. However, there are many applications for which

ocl osed channel s 6 eaeqearingrecfaurth clthensl iwalla b |

(such as in pressurised microfluidic systems). To produce closed channels

one common technique is the addition of a
standard photolithographic procedure, a step in which the etched surface

is bonded to another surface to create a closed channel ¥ 1t should be

noted, for the sake of comparison, that this is a step that 3D printing

techniques avoid, reducing the likelihood of leakage in 3D printed closed

channels relative to their photolith ographically produced counterparts ~ **°.

In addition to standard photolithography, a number of alternative

processes have been extensively explored in an attempt to increase the

resolution of lithographic techniques. These processes are often refe rred

to as -@eNrexrtati on Lit hogr a-Rdylithographyd®,i ncl ude X
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extreme UV lithography ', charged particle lithography > and

nanoimprint lithography  *.

While discussing the topic of lithography when applied to microfluidics it
should also be noted that there has been some interest in exploring the
capabilities of the 3D printing method known as stereolithography for the
creation of microfluidic channels in rece nt years **°. Stereolithography
makes use of a scanning laser that is shone into a container of
photocurable resin. The laser cures the resin and thus builds up the
structure layer -by-layer. Most 3D -printed microfluidic systems (such as
those dis cussed in the previous section) are based on the use of this
technique due to its high resolution relative to other 3D printing

methods. Of course, while the 3D printing of microfluidic devices has

great potential for the future it is by no means commonpla ce at present.

While photolithography has long been the dominant method for the
preparation of microfluidic devices there are currently several techniques
being developed with the aim of improving upon it. Techniques such as
micromilling *" (the direct mechanical cutting  of a channel usin g a
microscale drill -bit) could make the process more straightforward and
applicable to a wider range of materials, while techniqu es such as
stereolithogra phy could make the process cheaper and quicker. Gradually
these techniques may become the standard for the fabrication of

microfluidic devices, next -generation lithography might allow for the
progression towards onanof |l ui di c sticly
might arise. At present, howev er, photolithography remains a widely

accepted standard method for microfluidic channel production.
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2.10 Summary

Based on the informa tion presented thus far, iti s clear that the possibility
of a low-cost, reusable , label -free biomicrofluidic sensor platform is an
extremely attractive one. Although such a platform has so far been

difficult to create , significant progress has been made towards t his goal
in recent years. A variety of relatively new detection methods being
developed (such as various conductometric, FET and SPRplatforms ) and a
large amount of research into microfluidic sensors has been reported
Based on this previous work, it seems that exploring the p ossibility of a
microfluid ic conductometry based sensor could potentially yield such a

plat form, achieving the goals of rapid fabrication, low cost and high

sensitivity . The development of techniques allowing for low -cost
nanofabrication is one possible path to the development of such a

platform. Alternatively, t he possible use of new organic semiconducting
materials combined with conjugated antibodies or aptamers as discussed
above may also allow for the easy production of such  platforms and thus

allow the technique to be readily exploit ed in a bi omicrofluidic sensor.

In addition, although genetically based diagnosis technique s are currently
less developed when compared to the more established antibody or

aptamer based diagnosis techniques ( with some difficulties such  as the
possible requirement fo r preconcentration via PCR or LAMP) this is likely
not to continue to be the case due to the extensive research effort

working towards geneticall based diagnostics . The further maturing of
genetic technology can be expected overcome these minor disadvantag es
in time, causing biosensor development to favour gene based detection
techniques. As such the applicability of a biosensor fabrication method to

miDNA and miRNA detection should also be examined further , as these
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analytes may prove to be the most direct and reliable means of diagnosis

in the future.
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3. Development of Confined Atmospheric

Pulsed-Laser Deposition

As discussed in section 2.7, laser based nanostructure deposition
techniques have proven to offer many advantages over other deposition
methods. Despite this, their widescale use has thus far been hindered by
their requirement for the use of expensive equipment such as
femtosecond pulse -width laser platforms and extremely low -pressure
vacuum chambers. Early in the course of this project, a series of
experiments performed hinted at the possibility of an interest ing new
laser -based method for the deposition of hanostructures . As the project
progres sed, this discovery was gradually refined into the Confined
Atmospheric Pulsed -Laser deposition (CAP) methodology (outlined in
Figure 21).

Scan Direction\

-

Gold Target

Substrate Laser Beam
Spacer

Ablation Plume
Deposited Film

AN 7 /]
| a /T

Figure 21. A schematic of the basic CAP methodology, as applied in section
3.2.1.

The initial discovery of the technique was based on an anomalous result

during an unrelated polymer ablation test. During laser ablation tests on
a Cyclic Olefin P olymer (COP)sheet using a relatively low -cost picosecond
pulse -width 1064nm 4W Neodymium -Yttrium Aluminium Garnet (Nd:YAG)
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laser at atmospheric pressure it was noted that some samples were left
with a grey discolouration on their underside. This discolouration  was
observed in samples where the target stage was adjusted so that the focal
point of the laser was at the surface of the steel backing plate to which
the p olymer was temporarily affixed for ease of handling. Scanning

Electron Microscopy (SEM) images oft  he discoloured undersides of these
sheets found what appeared to be nanoparticles on their surfaces
Energy-Dispersive X -Ray (EDX) spectroscopy of these apparent
nanoparticles showed that they were most likely comprised of a steel
alloy with a composition  comparable to that of the  backing plate,
suggesting that the laser h  ad ablated the backing plate and  deposited
these nanoparticles on the COP . Minor visible damage to the surface of
the steel backing plate supported this hypothesis, as potential evidence

of the material re moved by ablation. Following these observations a more
deliberate test was conducted to test this hypothesis by attempting to use

the above methodology to instead deposit aluminium nanoparticles, by
replacing the steel backing plate with a n aluminium one. From SEM
analysis o f the film deposited nanoparticles were observed (Figure 22)
and EDX analysis of the resulting structures suggested the structures to

be comprised primarily of aluminium oxide , agreeing with the
hypothesised mechanism of deposition. Based on these observations, it
was decided that this potential deposition method would be worth further
investigation as a possible  method for the laser based deposition of
nanostructures without the disadvantageous need for a more costly and
temperamental femtosecond laser or a vacuum chamber as used in

conventional Pulsed Laser Deposition  (PLD).
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a Au/Pd for analysis
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Figure 22. The results of SEM/EDX analysis of the aluminium oxide

nanostructures deposited during experimental attempts to deliberately replicate
the unintended nanostructure deposition noted during earlier tests with steel
showing a) the results of EDX analysis  analysis on a single nanostructured
cluster and b) a larger s cale SEM image showing the variety of structures

deposited.
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3.1 Exploratory Research of the CAP Deposition
Process

Before more quantitative opti  misation studies were performed to examine
this technique, it was decided that more qualitative exploratory research
Sshould be undertaken to assess itods
factors that could allow for process control. With the eventual goal of
applying this technique to biose  nsor production in mind, this exploratory
research began by focus sing on the possibility of gold and silver
nanostructure deposition . These metals were chosen due to  their ability
to be easily functionalised via thiolatio n, as well as their optical and
electrical properties, which offer many adva ntages in biosensor
production. Successful nanostructure deposition w as observed for both
materials ( Figure 23a, c and d ). Successful a ttempts were also made to
perform CAP deposition onto a glasss  ubstrate instead of COP, as the
resulting film would be more comparable to those currently used as the

standard in SPR biosensing ( Figure 23Db).
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Spectrum 1

¢ . 2 4 =]
10pm - Electron Image 1 Full Scale 66725 cts Cursor: 0.000 keV

Figure 23. CAP deposited nanostructures comprising of a) gold nanostructures
on COP, b) gold nanostructures on glass, c) silver nanostructures on COP, d) the
same silver on COP sample at higher magnification and e) an example of

deposited gold nanostructures and the EDX spectrum used to confirm its

elemental composition.

To confirm the elemental composition of the nanostructures deposited ,
an X-Ray Diffraction test was performed for one of the gold nanostructure
depositions on COP. This XRD spectrum ( Figure 24) confirmed the

presence of a Face -Centered Cubic (FCC) crystal structure with scattering
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angles that match those reported for gold, confirming the successful

deposition of the metal using the CAP method.
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Figure 24. The XRD spectrum of a Gold on COP sample deposited using the CAP
method . The unidentified peak present is suspected to be due the adhesive tape

used to secure the sample.

Several interesting observations were made during the course of this

investigation. First ly, it was noted that CAP deposition occurred only

within specific fluence ranges,  and these fluence values were

subsequently used in the selection of values for the proce Ss optimisation

study, see section 4.1. Itwasalsonot ed t hat the usépiece a 0spac
of material that creates a gap between the ablation target and the

deposition substrate) resulted in lighter depositions but more

homogen ous films (a concept exami ned in greater detail in section 4.1).
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Experiments were also performed to determine the macroscale

capabilities of the CAP process, such as the different micrometre -
centimetre scale patterns  formed with the  structures during deposition
This larger scale control is important as it would have  an influence on the
kinds of sensors that CAP depositio nis capable of creating. The first
samples produced (such as those sh  own in Figure 23) had a 5mm x 5mm
square pattern (Figure 25a), having been deposited by a unidirectionally
raster scanned laser beam. Further experiments successfully carried out

the deposition of nanostructured films in a straight, linear form ( Figure
25b) and a complex, mathematically ~ defined curved line ( Figure 25c).
These experiments show the capabil ity of CAP to deposita vectoriz able
shape, as they exhibit the  ability of the process to deposit in both straight
lines and lines with complex curvatures. Based on the observation that
different scan speeds affected the apparent colour of the resulting film,

an experiment was performed to deposit a film showing a monochrome

result using a rastered atiff 6 ffarrhaeimage (see Figure 25d), where the
scan speed across ea ch pixel was varied based on it s grayscale value. The
success of each of these experiments suggests that the CAP methodology

is capable of exerting a h igh deg ree of control over the larger scale shape
of the deposited nanoparticle film , affording a versatility =~ which would be

useful for the fabrication of various kinds of biosensing platforms.
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Figure 25. Examples of various patterns deposited as nanostructured gold using

the CAP technique, including a) a raster scanned 5mm x 5mm square produced
for the experiments described in Chapter 4.1, b) a straight line, ¢) a curve
describing a function often referred t o as a Far®tandd a Wter e |

scanned version of the APT group logo.

In addition to these investigations of CAP, an experiment was p erformed
to test the pos sibility of a liquid based variant of the technique. It was
hypothesised that by placing a liquid in the space between the ablation

target and the substrate, a cavitation bubble may be created similar to

that produced in the PLAL method of nanoparticle colloid synthesis . In
PLAL the ablation plume exists within a cavitation bubble, that has a

uniform pressure applied upon it by the surrounding liquid 2 These
uniform, high pressure (rel ative to a gaseous environment)  conditions
result in the condensation of  nanoparticles with a narrow  size distribution
when compared to other nanopart icle production methods. In an attempt

to confer this advantage of PLAL onto the CAP methodology, a droplet of
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water was placed on the ablation target before the deposition substrate

was placed in contact wi th it. The ablation was then preformed as normal
for CAP deposition. However, following this no significant deposition was
observed on the sub strate, and it was decided that work should therefore

focus on optimising the existing, gaseous variant of the tec hnique.

3.2 CAP Process Optimisation Studies

3.2.1 Study 1: Gold Foil Deposition on Glass Substrate

Based on the results of the various expriments described in Section 3.1 ,
the basic methodology for the CAP process was devised as shown in
Figure 21 atthe beginning of this ¢ hapter . Following this, process
optimisation experiments began. Initial experiments in the optimisation

of the CAP process were performed using a simple setup comprising of a
glass deposition substrate mechanically affixed to a gold foil ablation

target , with the use of a spacer as required . These experiments were
performed to discover relationships between the deposition parameters

used and the properties of the resulting film, as well as to refine the CAP

methodology to maximise its reproducibilit y.

3.2.1a Study 1: Materialand Equipment

Clear glass microscope slides were u  sed as the deposition substrate
(VWR, IE) A 10 mm x 10 mm x 0.188 mm, 99.9% pure gold metal

ablation target was prepared from a sputtering target (Agar Scientific,

UK). This target piece was then affixed to an ablation stage, machined
from aluminium alloy  2011. All depositions were performed with a 1064
nm diode -pumped, solid state neodymium  -doped yttrium aluminium
garnet (Nd:YAG) laser. This laser was operated in TEMOO mode, producing
a beam with a Gaussian profile and a spot diameter of 140 um at the

focus. This beam was pulsed at a PRF of 10 kHz and with a pulse width of
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700 ps. This laser beam was rastered across the target during sample
production using a 2D scanning galvanometer (Raylase SS - 12, Germany).
The target position in the beam waist was cont rolled usingan M -404 4PD

nano -position stage (PI, Germany).

The samples produced were characterised via UV dVis spectroscopy
(Agilent, Cary 50, USA). Samples were carbon coated using a Scancoat Six
(Edwards, UK) with carbon evaporation accessory at a pressure of 10 “ bar
for examination via Scanning Electron Microsc opy (SEM) using an Evo
LS15 (Carl Zeiss AG). Image analysis on the SEM images obtained was

carried out using Fiji image analysis software.

Design of Experiments (DoE) and data analysis was performed with the
aid of StatEase Design -Expert and Origin Pro 201 6 software packages
respectively. Parameters to be examined in the DoE were the laser

fluence, the laser scan speed and the raster scan spacing.

3.2.1b Study 1:ExperimentalMethodology

When first attempting to produce sample batches for this optimisation

study, it was noted that samples produced at the same processing

parameters had a high degree of qualitative variance (high variation in the

shade and intensity of visible colour). It was suspected that this may be

due to inconsistencies in the preparation of the ablation target and

substrate arising from the use of manually applied adhesive tape when

securing the substrate. To remove this inconsistent element, a new

experimental setup was designed to make use of mechanically applied

pressure to secure the substrate instead of adhesive tape (  Figure 26). This
new setup was then wused in preparation of samples for this initial

optimisation study.
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Figure 26. Images of the two CAP setups used during this stage of the pr oject:

a) the original methodology using adhesive tape, found to have low
reproducibility and b) the setup that replaced the adhesive tape method,
utilising metal clips to apply mechanical pressure. The use of setup b showed a

noticable increase in reprodu cibility over setup a.

During the experiments described in Section 3.1 , several parameters were
identified as potentially controllable factors in determining the
characteristics of the deposited film. These parameters were the speed at

which the laser is r aster scanned across the target (referred to as the

0Scan Speed, in mm/s), the fluence receive
incident | aser (referred to 9ihegistagceas t he
between each of the raster scanned lines (referred to as t he 0Scan

S p ac i n gnd)andtha height of the gap created between the target and
the deposition substrate by the spacer
Sp aci ngnd).Thesenvalues were varied across ranges that were
determined based on those in which CA P deposition was observed in

earlier experiments.  All depositions were carried out with a Pulse -
Repetition Frequency (PRF) of 10kHz and a Pulse Width (PW) of 3.5 ¢€s
unless specifically stated otherwise as these were the default values for

the laser . The las er spot used had a Gaussian profile, due to the

configuration of the laser optics. Using StatEase Design -Expert 7

statistical analysis software **°, a Design of Experiments (DoE) parameter
table was generated using a 3 parameter and 3 level factorial design and
samples were produced in arandomised run order accordingtot histable .

A number of measurements were  carried out on the resulting samples
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including UV/Vis spectral an alysis, SEM microscopy and film thickness

measurement .

3.2.1c Study 1: Results and Analysis

Following their fabrication according to the DOE described in Section

3.2.1a the samples were analysed to gather the relevant data ( Table 2).

Table 2. The DoE parameters used in the preparation of samples for the process
optimisation study and the UV/Vis spectral peak analysis for each of the
produced samples. Samples are presented in the randomised order in which they
were to be produced. Fieldscontaini ng ON/ A6 denote samples for w

plasmonic peak was observed in their UV  /Vis spectrum.

Scan Vertical Plasmon Plasmon Plasmon
Spacing Spacing Peak Wave - Peak Inte - Peak FWHM
(em) (em) length (nm) grated Area (nm)

Fluence

(3lcm ?)

10.00 0.15 150.00 0.00 597.042 32.5929 266.311
3.00 0.15 150.00 0.00 559.978 12.8691 142.941
3.00 0.79 150.00 0.00 544.998 1.13489 61.288
3.00 0.79 50.00 0.00 N/A N/A N/A

10.00 0.15 50.00 0.00 543.947 3.40791 92.0225
3.00 0.79 50.00 0.00 N/A N/A N/A

10.00 0.79 50.00 0.00 562.968 20.1839 101.892
3.00 0.15 50.00 0.00 N/A N/A N/A
6.50 0.47 100.00 0.00 579.074 16.3804 162.438
6.50 0.47 100.00 0.00 559.978 22.4512 191.387
6.50 0.47 100.00 0.00 582.05 7.60601 140.978

10.00 0.79 150.00 0.00 562.071 13.1768 131.198
6.50 0.47 100.00 0.00 552.045 20.6664 111.774
3.00 0.15 50.00 0.00 578 87.25 1.95267

3.00 0.79 150.00 0.00 655.973 126.637 7.63006
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3.00
10.00
10.00
10.00
10.00
10.00

3.00

3.00

3.00
10.00

3.00
10.00

3.00

6.50

6.50

6.50
10.00

6.50

3.00

3.00

3.00
10.00
10.00
10.00
10.00

Fluence

(3/cm ?)

0.15
0.15
0.79
0.15
0.79
0.15
0.15
0.79
0.79
0.15
0.79
0.79
0.15
0.47
0.47
0.47
0.79
0.47
0.15
0.79
0.15
0.15
0.79
0.15
0.79

Scan
Spacing
(em)

150.00
150.00
150.00
50.00
50.00
150.00
150.00
150.00
50.00
50.00
50.00
50.00
50.00
100.00
100.00
100.00
150.00
100.00
50.00
150.00
150.00
150.00
150.00
50.00
50.00

Vertical
Spacing
(em)

0.00
0.00
0.00
0.00
0.00
188.00
188.00
188.00
188.00
188.00
188.00
188.00
188.00
188.00
188.00
188.00
188.00
188.00
188.00
188.00
188.00
188.00
188.00
188.00
188.00
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Plasmon

Peak Wave -

length (nm)
619.936
585.023
565.059
653.932
646.049
540.944
532.975
529.061
N/A
540.944
N/A
N/A
549.048
540.944
550.996
537.037
N/A
537.938
524.992
529.965
534.931
540.944
540.944
550.996
543.046

Plasmon
Peak Inte -
grated Area

129.93
54.5076
4.59685
183.589
150.444
31.1953
2.13467
4.79808

N/A
29.1299
N/A
N/A
14.5928
3.40068
3.93699
7.15681
N/A
3.45829
14.5649
5.12684
20.9332
19.2778
27.2005
5.21424
6.99216

Plasmon
Peak FWHM
()]

262.813
260.026
144.615
280.678
291.547
312.174
85.1913
107.211
N/A
280.876
N/A
N/A
183.255
144.991
134.335
187.323
N/A
83.4013
97.6693
102.577
198.415
364.415
311.957
123.639
140.1



Table 2 shows that most of the samples produced resulted in the

appearance of a plasmonically active film. Plasmonically inactive samples

were noted to be th ose for which there was evidence of  interact ions

between the glass and the incident laser beam. This evidence appeared in

the form of visible damage to the glass substrate (a well -known effect
referred to as 0f rposdssingigdostry i, Eigure 2%)l as s
The specific reasons causing frosting to occurr in these tests have not yet

been determined with certainty

Figure 27. A photograph of the sample produced at parameters Scan Speed: 10
mm/s, Fluence: 0.79 J/cm 2, Scan Spacing: 150 >m, Vertical Spacing: 188 >m. The
white square in the middle of the glass is the area in which frosting has

occurred.

The UV/Vis spectra (Figure 28) obtained were analysed using Origin Pro
2016 analysis software, using a semi  -automated peak picking algorithm
to baseline correct each peak and  obtain the local maximum,  the
integrated area under the peak and the Full Width at Half-Maximum

(FWHM) measurement.
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Figure 28. The UV/Vis spectrum of the sample prepared at parameters Scan
Speed: 3 mm/s, Fluence: 0.15 J/cm 2, Scan Spacing: 50 >m, Vertical Spacing: 188
>m. The red line is the corrected baseline to comp ensate for the background

glass peak.

Analysis of this peak data  (not including failed depositions) showed some
evidence of several potentially significant correlations. However, there

was only a single significant model found obtainable with a percentage
coefficient of variation of less than 40% suggesting a large degree of
inconsistency in the films produced. This model showed an apparent
relationship between all processing parameters and the FWHM of the

resulting plasmonic peaks. Th e collected data can b e described by the

mathematical model (1) with an R? correlation coefficient of 0.59

&7 (- od@e pTIXX &pBp Dp8 ¢ ETE BE T8I p p DHD YOI (1)
T8t T pUDE P TR Y W @ X

This equation attempts to describe the F WHM in terms of the scan speed

(M), fluence (F), scan spacing ( x) and the vertical spacing (h)
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The existence of this  correlation suggested that further optimisation of
the technique to reduce its inconsistencies could allow for the derivation
of a more accurate formula describing the effect of the CAP process on

the plasmonic properties of the resulting film.

SEM analysis showed su ccessful deposition of the nanostructures, as
expected based on earlier tests and observations. No relationship was
found between the measured particle size or the qualitative

morphological properties of the nanostructures formed a nd their

processing param eters at this stage.

A large number of experiments were performed in an attempt measure
the thickness of the films deposited. The experimental techniques utilised
to obtain this value include Atomic Force Microscopy (AFM), profilometry,
interferometry and  ellipsometry. However, none of these attempts at
measurement proved successful. In the case of AFM, profilometry and
interferometry it is likely that the lack of success was due to the
deposition area having boundaries that gradually slope down towards the
substrate, rather than having a clearly defined step * In the case of
ellipsometry it is likely the optical properties of the films differ

signi ficantly enough from bulk gold films or more consistent gold

nanoparticle films  such that the established models for ellipsometric
thickness measurement no longer apply. To overcome these difficulties, it
was decided tha t a cross -sectional SEM would be used to me asure the
thickness of a sample, see Figure 29. This SEM image suggested the
average film thickne ss for the sample selected was  between

approximately 3 em and 5em.

100



Figure 29. A cross -sectional SEM image of a cracked CAP sample (deposition

parameters: Scan Speed: 3 mm/s, Fluence: 0.79 J/cm 2, Scan Spacing: 150 >m,

Vertical Spacing: 0 >m).

In addition to  allowing for the approximation of the film -thickness, this
cross -sectional SEM image also gives an interesting perspective on the
nanostructu res being deposited, showing them to resemble tree -like
structures and appearing to have a high surface area, aggreging with the

top -down SEM images already shown.

By this point it was decided that a second optimisation would need to be
performed (detailed in Section 3.2.2) due to the high degree of variance

in the samples produced (as discussed ea rlier in this chapter ).

Finally, based on the consideration of the possibility of potentially using
these films as Surface -Enhanced Raman Spectroscopy (SERS) substrates,
each sample was examined u sing Raman microscopy ( Figure 30). This

confirmed the expected outcome that no peaks were visible in any of the
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spectra other than those that would be expected of the glass substrate.
As such, it was concluded that these films may have applications in SERS

analysis as the gold nanostructures deposited do not appear to produce

any significant background peaks that would interfere with the technique.
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Figure 30. An example of one of the Raman spectra obtained from the samples
produced. All showed only these peaks thought to be indicative of glass, with

varying intensities (most likely due to varying degrees of frosting).

3.2.2 Study 2: Gold Foil Deposition on COP Substrate

Due to the problems introdu ced into the study described in Section 3.1 by
unexpected frosting effects, it was decided to repeat this study using a
material that would not be subject to fro sting effects. For this reason, it

was decided to repeat Study 1 using COP as a substrate instead of glass.

It was expected that the high optical transparency of COP at the
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wavelength of the laser beam and its properties as a polymer would make
similar fro sting effects extremely unlikely to hamper such a repeat

experiment.

3.2.2a Study: Materialsand Equipment

ZeonorFilm ZF14-188 (Zeon Chemical L.P. Japan) Cyclic Olefin Polymer
(COP) was used as the substrate. A 10 mm x 10 mm x 0.188 mm, 99.9%
pure gold metal ablation target was prepared from a sputtering target

(Agar Scientific, UK). This target piece was then affixed to an ablation
stage, machined from aluminium alloy 2011 . All depositions were
performed with a 1064 nm diode  -pumped, solid state neodymium  -doped
yttrium aluminium garnet (Nd:YAG ) laser. This laser was operated in
TEMOO mode, producing a beam with a Gaussian profile and a spot
diameter of 140 um at the focus. This beam was pulsed at a PRF of 10
kHz and with a pulse width of 700 ps. This laser beam was rastered

across the target du ring sample production using a 2D scanning
galvanometer (Raylase SS - 12, Germany). The target position in the beam
waist was controlled using an M -404 4PD nano -position stage (PI,

Germany).

The samples produced were characterised via UV~ dVis spectroscopy
(Agilent, Cary 50, USA). Samples were carbon coated using a Scancoat Six
(Edwards, UK) with carbon evaporation accessory at a pressure of 10 “ bar
for examination via Scanning Electron Microscopy (SEM) using an Evo

LS15 (Carl Zeiss AG). Image analysis onthe = SEM images obtained was

carried out using Fiji image analysis software.

Design of Experiments (DoE) and data analysis was performed with the
aid of StatEase Design -Expert and Origin Pro 2016 software packages
respectively. Parameters to be examined in the DoE were the laser

fluence, the laser scan speed and the raster scan spacing.
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3.2.2 Study 2:ExperimentalMethodology

As this experiment was intended to be a repeat of Study 1 using COP

instead of glass it was decided that the samples for Study 2 should be
prepared according to the same DoE and response table asin Section
3.2.1 (Table 2). It was, however, decided that no attempts would be made

to measure film thicknes s. This measurement was excluded as the only
method that had proven effective for this measurement in Study 1 (cross
sectional SEM imaging ) was o nly possible on glass due to its brittleness.

The flexibility of COP made clean  cracking of the substrate and coat ing

difficult to achieve

As a final modification to the methodology of Study 1, it was decided that

this experiment should include conductometric measurements to begin
evaluating the feasibility of using these films as the basis for a

conductometric senso r platform. To perform these measurements, a4 -
point Hall Effect instrument (BioRad HL5500) was used at room

temperature .

3.2.Z Study 2: Results and Analysis

While the sample set for this study was successfully produced and the
preliminary data analysis was completed, it was quickly discovered that
the data would not b e particularly useful as a final quantitative model
This was primarily due to a problem with equipment calibration. The laser
used for the production of this sample set was found, during later
maintenance, to be producing an incident beam with a far lower power
than it had been the last time it was measured. Subsequent tests found

the power output of the laser to be highly variable, and this was

suspected to be due to the failure of an aging component.  As such, there
could be no certainty that the fluence values reported in the recorded
data were accurate and it was decided that the study would need to be

repeated once again, with methodological modifications to compensate
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for this d iscrepancy in laser power output (see section 3.2.3). However,
while this rendered the quantitative data from this dataset somewhat
unusable it was decided to use this invalidated COP sample set to better

adapt our CAP methodology for deposition on COP rat her than glass.

The first distinction  that was noted between CAP on glass and CAP on
COP using the methodology from Section 3.2.1 a was that the flexibility of
COP made the placement of the sample with a consistent vertical gap
between the sample and substr ate somewhat challenging . When using the
setup shown in  Figure 26b, the locking mechanism generally caused the
COP to bow upwards at its middle unless extreme care was taken during

setup. This introduced a possible source of error that was not present

when glass was used as the deposition substrate and, thus, it was

decided that a new CAP setup should be designed specifically for the use
of a COP substrate.

During examination of the samples obtained, it was found that some
samples for which deposition was expected to have occurred showed no
evidence of deposition. To con  firm if this was due to the discrepancies in
laser power or due to the change in substrate, several tests were
performed attempting to carry out depositions in the same conditions for
both COP and glass. This experiment confirmed that the conditions in

whi ch reliable deposition can be achieved are different for each of the two
substrates. As such, it was decided that new deposition parameters would
need to be selected for the next study performed, to ensure a thorough

examination of the process being optimi sed.

It was noted during conductometry testing that the films appeared to give

an unexpected, non -ohmic response ( Figure 31). When this I/V curve data

was plotted on a gra pht he plotted line did not pass  through the origin

and had a negative slope . When performing the same measurement on

raw COP the same effect was not observed, and the raw COP clearly

behaved like an insulator. This difference between raw COP and COP
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follo wing CAP deposition suggests that the deposited nanostructures

have, indeed formed a conductive f  ilm. However, due to the  nature of the
I/V curves obtained from these films, it is dif ficult to make any concrete
conclusions about th eir cond uctive properties . These unexpected 1/V
curves were hypothesised to be potentially due to several factors.
However, i t is suspected that the  most likely primary  reason the line did
not pass through the origin was due to the fact that the 4 -point probe
used does not ground the sample itself causing the samples to exhibit a
floating potential.  In future, this effect may be avoidable with the
modification of the instrument used to better ground the sample stage

There are several possible reasons that the line in the 1/V plot shown
might have a negative slope, but it is suspected that the most likely

reason is due to current arcing through the air in the tiny gaps between

the deposited nanostructures. This hypothesis is based on the well -
documented observation that gas  -discharg e tubes generally exhibit a
similar negatively sloped I/V curve . While this effect does mean the
resistivity of the film was unable to be determined it would also confirm

that the film is conductive, whish is an advantage for its use in a

biosensing platform.  This arcing through the air should not be an issue in
the end application, as biosensing tests would be performed on in an

agueous environment.
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Figure 31. An example of one of the I/V curves obtained from the samples of

CAP depositions on a COP substrate.

3.2.3 Study 3: Target Stage Deposition on COP Substrate

For the reasons outlined in Section 3.2.2 above , the CAP methodology
described in Figure 26 b was found to be less applicable to CAP deposition
on a f lexible COP substrate. Thus, the methodology used in Study 3 was

arranged to account for this. In addition, the methodology was further

modified to maximise the reliability of depositions and to include in -situ
measurements to account for the previously di scussed drift in laser
parameters.

3.2.3a Study 3: Materialand Equipment

ZeonorFilm ZF14 -188 (Zeon Chemical L.P. Japan) Cyclic Olefin Polymer
(COP) was used as the substrate. A10 mm  x 10 mm x 0.188 mm, 99.9%
pure gold metal ablation target was prepared from a sputtering target
(Agar Scientific, UK). This target piece was then affixed to a n ablation

stage, fabricated using PlasClear photopolymer resin and a Freeform Pico
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(Asiga, CA, USA) 3D printer. All d epositions were performed  with a 1064
nm diode -pumped, solid state neodymium  -doped yttrium aluminium

garnet (Nd:YAG) laser. This laser was operated in TEMOO mode, producing

a beam with a Gaussian profile and a spot diameter of 140 um at the
focus. This bea m was pulsed at a PRFof 10 kHz and with a pulse width of
700 ps. Th is laser beam was rastered across the target during sample
production using a 2D scanning galvanometer (Raylase SS - 12, Germany).
The target position in the beam waist was co ntrolled using an M-404 4PD

nano -position stage (PI, Germany).

The samples produced were characterised via UV dVis spectroscopy
(Agilent, Cary 50, USA). Samples were carbon coated using a Scancoat Six
(Edwards, UK) with carbon evaporation accessory at a pressure of 10 “ bar
for examination via Scanning Electron Microscopy (SEM) using an Evo

LS15 (Carl Zeiss AG). Image analysis on the SEM images obtained was

carried out using Fiji image analysis software.

Design of Experiments (DoE) and data analysis was performed with the
aid of StatEase Design -Expert and Origin Pro 2016 software packages
respectively. Parameters to be examined in the DoE were the laser

fluence, the laser scan speed and the raster scan spacing.

3.2.3 Study 3:ExperimentalMethodology

As a result of this, a modified method ology was designed specifically for

nanostructure deposition on COP. This modified methodology (  Figure 32)

avoids the bowing observed using previous meth ods by adhesively

affixing the target to the bottom of a recessed region in the surface of a

larger piece, hencef orth referred atgoe bas Tthhes dtaarrggeett
was 3D printed from PlasClear resin using an Asiga Freeform Pico

stereolithography sy stem, to allow for the fabrication of a stage with high

dimension al precision . From the p revious experiments using a COP

substrate the amount of deposition was found to be low when using a
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188 em gap and very inconsistent when using a 0 em gap . Following a
review of existing literature on single -shot atmospheric laser deposition
techniques comparable to CAP, it was found that a gap of 50 em* should
be sufficient to create the desired plasma confinement effect while

avoiding the inconsistencies observed using the 0 em gap. Assuch,t he
recessed region of the target stage was designed to have a depth e qual to
the thickness of the gold foil target plus 50 em, thus creatinga 50 em

gap between the target and COP deposition substrate.

a) b)

Substrate

Gold Target
Stage

Laser Beam

Substrate

Deposited Film Ablation Plume

BT
GoldTarget\\\ /

Stage

Figure 32.A schematic diagram of the O0Target Stage¢
methodology used during this experiment. This variant of the methodology uses

a SLA produced stage to ensure a 50 &m gap between the target and substrate.

Following the discovery of the instability of the laser setup to be used (as
described in  Section 3.2.2) it was decided that regular laser power and

focal point measurements would be necessary to confirm the reliability of
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the fluence values recorded. Thus, as samples were produced a focal

point measurement and several power measurements were performed
approximately every half an hour to ensure that the power  output curve
and focal point of the laser were consistent during sample production. If
the focal point or power output curve of the laser was found to have

changed, the samples produced since the previous measurement were
deemed unusable for the purposes of this study. In this way, a sample set
was prepared in which the production parameters of each sample would
be as prescribed from the DoE analysis of the CAP process. A new DoE
table was generated, using parameterra  nges found during the
experiments described in ~ Section 3.2 .2 to be suitab le for reliable CAP
deposition (see Table 3). This DoE table was based ona 2 -level factorial
design and samples were prepared in duplicate to examine process

precision.

Table 3. Processing parameters for each sample produced during this DoE

process analysis.

Sample no. Fluence (J/cm ?) Scan Speed Scan Spacing

(mm/s) (Hm)

1 0.221 6 50

2 0.221 18 50

3 0.481 6 50

4 0.481 18 50

5 0.221 6 150

6 0.221 18 150

7 0.481 6 150
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Sample no. Fluence (J/cm ?) Scan Speed Scan Spacing

(mm/s) (um)
8 0.481 18 150
9 0.351 12 100
10 0.351 12 100
11 0.351 12 100
12 0.351 12 100
13 0.351 12 100
14 0.221 6 50
15 0.221 18 50
16 0.481 6 50
17 0.481 18 50
18 0.221 6 150
19 0.221 18 150
20 0.481 12 150
21 0.481 12 150
22 0.351 12 100
23 0.351 12 100
24 0.351 12 100
25 0.351 12 100
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Sample no. Fluence (J/cm ?) Scan Speed Scan Spacing

(mm/s) (um)

26 0.351 12 100

3.2.% Study 3:Results and Analysis

Once the sample set was produced, they were first subjected to UV/Vis
spectroscopic analysis. All samples produced had clearly discernible
plasmonic peaks visible in their UV/Vis spectra, suggesting successful
deposition of gold in all cases. The plasmonic peaks observed in the
spectra of the samples produced showed clear variations in the

wavelengths of their local maxima and intensities as shown in Figure 33.
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Figure 33. Examples of some of the UV/Vis spectra obtained showing a) the
spectrum obtained for sample 6 with its local maximum and corrected baseline
shown and b) the baseline -corrected spectra of samples 6, 17 and 21 on the

same graph, cle arly showing their variations in intensity and local maxima.

As with the previous studies, the features of these spectra were then
analysed using baseline correction and a semi -automated peak analysis
algorithm to determine the characteristics of the plasm onic peak. The
features obtained include the local maximum of the plasmon peak for

each sample (henceforth referred t
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the area under this peak as calculated by integration (henceforth referred
to as t he 0PI larstmeyandthe®WHMkof the peak (Table 4).

Table 4. Results of the peak analysis performed on the spectra of the samples
produced. This data w as gathered from baseline corrected data using an

automated peak -picking program.

Plasmonic Peak

Sample no. Wavelength Plasmonic Peak Plasmon Peak
(nm) Integral FWHM (nm)
il 561 28.1 160
2 568 26.3 151
3 570 47.7 146
4 576 40.9 170
> 551 11.1 147
6 550 12.3 138
7 572 35.6 163
8 574 26.1 152
9 568 21.8 161
10 571 23.3 164
11 568 22.3 164
12 77 49.9 225
13 576 30.4 193
14 562 33.1 161
15 559 15.6 151
16 564 38.9 146
17 579 45.1 163
18 559 18.5 154
19 557 21.2 150
20 578 427 169
21 566 345 134
22 568 29.8 155
23 568 335 142
24 570 325 151
25 568 25.0 146
26 572 28.8 164
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The plasmonic peak found for eac h of the samples obtained had maxima
ranging from approximately 550 nmto 580 nm, with a broad, uneven
shape appearing to taper more steeply towards zero on the shorter
wavelength side of the peak than on the longer wavelength side. This
observation is confirmed by comparing the values of the minima with the
median value of the local maxima, which was found to be 555 nm. The
local minima on the shorter wavelength side of the peak were noted to
generally occur at approximately 450 nm (a difference of 105 nm from
the median maximum), while that of the longer wavelength side generally

occured at approximately 800  nm (245 nm from the median maximum).

Following this, the samples were examined using SEM. This

characterisation step was performed last as it required the samples to be
carbon coated and, thus, renders samples unusable for other tests
afterwards. Successful n anostructure deposition was observed in all
samples during this characterisation step, and the resulting images

(Figure 34) were then qualitatively examined as discussed below before

being analysed using Fiji image processing software o8,
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Figure 34. Examples of the kinds of features observed during SEM analysis. The

samples numbers and processing parameters for each image shown are a)
Sample 18 (6 mm/s, 0.221 J/cm %, 150 um), b) Sample 11 (12 mm/s, 0.351 J/cm 2,
100 pm), c¢) Sample 20 (12 mm/s, 0.481 J/cm ?, 150 um) and d) Sample 4 (18
mm/s, 0.481 J/cm 2,50 um) all obtained at 8380x magnification.

As can be see in Figure 34, many of the samples produced showed clear
differences in the the kinds of nanostructures deposited and the images
therein were selected to best exhibit some of these differences. For
example, Figure 34ais an example of a more homogenous film than most
others obtained, showing less large scale aggregation of particles and
melting than comparable samples. This i s starkly contrasted with  Figure
34 b, which clearly shows some larger aggregates dispersed throughout

the film, and Figure 34 c, which shows a film that appears to be comprised
primarily of aggregates.  Figure 34d is distinct from the other 3 presented
in th at it also contains larger spheroidal microparticles in addition to the
nanostructures and microaggregates present in Figure 34a, b and c.
These structures are hypotehsise d to be the result of laser sintering of

the deposited microaggregates to form a single, large spherical
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microparticles '*°. When examining the SEM i mages obtained there was no
clearly discernible relationship between the processing parameters

selected and the apparent homogeneity of the resulting film. This is also

true of conventional PLD ', reinforcing the hypothesis that the

mechanism of CAP is related to the mechanism of conventional PLD.

All SEM images obtained were analysed using manual particle sizi ng by
the use of best -fit ellipses. The patrticles to be sized were selected using a
script that placed 20 points on the image at random, and particles on

which points were placed were then measured. For each patrticle, the

major axis, minor axis, area and e  ccentricity of the best -fit ellipse was
recorded and these measurements were compiled to calculate the average
dimensions of particles generated at each set of processing parameters
(Table 5). Standard deviations were also calculated, and serve as a way to

guantify the dispersity of the particle flms deposited.

Table 5. The results of manual particle sizing analysis (x " indicated, for n=20).

Sizing was performed by randomised fitting of ellipses to SEM imagery.

Sample Avg M(izgnr)Axis Avg M(anj%r)Axis SeA(\:/t?((JQ:CjI:Z:a Avg Eccentricity
1 203 + 56 277 + 80 2(132322261 0.51 + 0.24
2 147 + 38 178 + 51 SZSSS 4’: 0.46 +0.27
3 207 + 52 237 + 62 Hosos2 * 0.36 + 0.29
4 235 + 60 279 + 72 Ziggggli 0.44 +0.26
5 218 + 54 259 + 74 1%%‘%%* 0.45 + 0.25
6 213 + 49 256 + 58 178%815397i 0.48 + 0.25
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10

11

12

13

14

15

16

17

18

19

20

21

22

Avg Minor Axis
(nm)

190 + 51

235 + 89

265 *+ 89

246 + 76

325+ 130

250 £ 77

232+ 74

275+111

279 = 89

255 + 97

237 £ 114

212 + 56

179 £ 50

203 + 38

229+ 77

201 + 46

Avg Major Axis

(nm)

211 + 56

267 + 101

326 + 113

292 + 90

393 + 153

290 + 80

269 + 81

315+ 130

317 £ 100

302 + 118

279+ 124

252+ 72

214 + 61

239 £ 50

270+ 91

235+ 52
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Avg Cross -
Sectional Area

(nm?)

134316 *
77813

223402 +
210179

300751 +
205286

243338 *
143070

458533 +
429958

244364 *
135750

212695 +
126095

314306 +
251533

303490 +
185652

275351 *
241689

249940 *
248796

178973 +
104235

128846 +
71535

157441 +
61204

214174 +
141208

154822 +
67590

Avg Eccentricity

0.31+0.28

0.35+0.28

0.52 +0.20

0.40 £ 0.30

0.50 £0.23

0.40 +0.29

0.40 £ 0.29

0.36 £0.28

0.37 £0.27

0.44 +0.26

0.46 + 0.25

0.42 +0.29

0.44 +0.27

0.41+0.28

0.44 +0.27

0.41+0.28



Avg Cross -

Avg Minor Axis Avg Major Axis

(nm) (nm) Secti(()r?;l 2)Area Avg Eccentricity
23 317 + 88 375 +102 3338’](_)]?291 0.49+0.19
24 227 £ 57 262 + 63 1]?833251 0.37 +£0.29
25 194 + 44 226 + 53 1463756(154i 0.41+0.28
26 230 £ 69 287 =+ 89 2]2_210_;5;'; 0.51+0.25

Statistical analysis of the  data presented in Table 4 and Table 5 began
with an examination of th e Signal-to -Noise Ratio (SNR) for each output. By
examining the SNR for each dataset it was possible to guantify how much
of each response measured was likely to be due purely to random

statistical noise. A higher SNR generally implies that statistical noi se
contributed less to the measurements and therefore that the

measurement of a parametre was more accurate. During SNR analysis, the
most important step is the selection of a suitable SNR formula for the

analysis. There are several commonly used SNR formu  lae and different
fields generally use different ones as standard depending upon their

needs. The fields of image processing and spectroscopic analysis (in

addition to its parent field of analytical chemistry) generally use a formula
known as t heF ol mu¥a@)NRariants thereof. As the
analysis presented here falls within these fields it was therefore decided

that this SNR formula is most appropriate . When using this formula for
SNR, the resulting value is in decibels (dBs). From a cursory examination

of (2) itis clear that at a value of 0  dB the response due to signal is equal

to the response due to noise and the  refore that a negative SNR implies

the response is primarily due to noise and a positive value implies it is

primarily due to signal. As such, it seems reasonable that any response
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with a negative or negligible SNR  should be disregarded as simply

statistic al noise.

Yoy pml i & (2)
Based on this formula, the SNR for each response measured was
calculated and collimated into ~ Table 6. This analysis showed the highest
SNR for the plasmonic peak position and the lowest SNR for the area
standard deviaition.  All responses were found to have an SNR of greater
than 2, suggesting that they are primarily due to signal and should

therefore all be subjected to further analysis.

Table 6. A table of SNR data for all responses mea  sured during this study . SNR

was calculated according to equation (2).

Mean Sianal Standard Signal -to-Noise
9 Deviation Ratio (d B)

AESIOIE [zl 567.403 7.780 18.629
Position (nm)
Plasmonic _ Peak 29.802 10.379 4,581

Integral
Plasmonic Peak

FWHM (nm) 158.542 18.137 9.416
Average Minor 231.732 39.342 7.701

AXxis (nm)

Minor AXxis

Standard 70.416 24.714 4.547
Deviation (nm)
Average Major 273.232 47588 7.590

AXxis (nm)

Major AXis

Standard 83.740 27.564 4.826
Deviation (nm)
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Standard Signal -to-Noise

Mean Signal

Deviation Ratio (d B)
Average Area
) 223003.431 82828.358 4.301
(hm?)
AIEE SERENE 145499.342 85472.142 2.310
Deviation (nm ?)
Average 0.427 0.0553 8.879
Eccentricity
Eccentricity
Standard 0.265 0.0266 9.978
Deviation

Following this, each dataset was analysed using Design -Expert software **°
to search for statistically significant mathematicalrelationships from

which a model might be derived. The Design -Expert softwar e package
offers a wide variety of methods for rapid regression analysis, thus

allowing the researcher to apply many regression techniques to a dataset
without the prohibitive time investment of manual regression analysis.
Because of this, itis anidealt ool to use when searching for predictive
models describing processes, such in this DoE analysis. During this
analysis, 4 statistically significant mathematical models were derived
describing how process parameters influence the properties of the

deposited films, and the Analysis of Variance (ANOVA) results for these
models are presented in  Table 7 (complete ANOVA tables are available in

Appendix 1 - Appendix 4).
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Table 7. The ANOVA outputs for each model derived. ANOVA analysis was

performed using Design -Expert software.

DECIEEE Adjusted Predicted Adequate
Response of 5 ) L
R R Precision
Freedom
Particle
7 0.4952 0.2850 8.682 4 .50
Area
Area
Standard 7 0.4985 0.3312 8.021 4 55
Deviation
Plasmonic
Peak 5 0.5922 0.4085 9.528 8.26
Position
Plasmonic
Peak 2 0.5990 0.5380 12.440 19.67
Integral

As can be seenin Table 7, ANOVA analysis of the data obtained produced
4 statistically significant mathematical models. The models derived from
SEM data both have an adjusted R ? of approximately 0.5 while the models
produced from UV/Vis data both have an adjusted R 2 of approximate ly

0.6. An adequate precision of at least 4 is generally required to determine

that a model is statistically significant and applicable in reality %9 Each
model derived has an adequate precision of at least 8, suggesting that
they should be applicable in process control. While the F values for each

model are within the statistically significant range is is particularly
notable that the F value for the plasmonic peak interval (19.67) is quite
large, suggesting it is likely ~ the most statistically significant model

derived .

Interestingly, despite the significantly higher SNR of the plasmonic peak
position data relative to the plasmonic peak integral (18.63 dB and 4.581

dB respectively, accordingto  Table 6) the integral model has a far higher
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F value. Considering the high adequate precision of the peak position

model it is unlikely that this is due to poor correlation. As such, it seems
plausible to suggest this lowering of statistical signifi cance may be due to
the nature of the model ling techniques used by the Design -Expert
software. When deriving a model for peak position it was found that scan
speed has no statistically significant contribution to the peak position

output. However, it was a Iso found that the interaction between scan
speed and spacing did have a statistically significant contribution to this.

As Design -Expert makes use of a hierarchical modelling system for the
derivation of quantitatively predictive models it was thus requir ed that
scan speed be included in the model derived despite its lack of statistical
significance. This included independent variable seems likely to be the
source of the relatively low (but still strongly statistically significant) F

value within the conte xt of the other SNR and ANOVA data available.

For the other models derived (particle area, area standard deviation and
plasmonic peak integral) the SNR values are reasonable for the derivation

of a model but not as high as for the peak position data sugges ting that
the observed variance in these datasets (evident from the R ? values) are
likely due to simple statistical noise. The noise in these datasets could be
firther reduced by expanding the process space to be examined or

increasing the number of repeti  tions for each sample but for the

purposes of this work these ANOVA analyses were deemed to have

acceptable accuracy.

Of the models derived, the first ones were those pertaining to the

morphological characteristics of the resulting film (that being particle size

and dispersity). The first morphological model derived (3) during this
study describes the cross-sectional area of the deposited particles (A ,,, a
proxy for particle size  as observed by SEM) in terms of the  scan speed (n),
fluence (F) and scan spacing ( x) (note: the notation E * is used to represent

the exponent x10 * for the sake of clarity)
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This model (3) suggests that the primary factor determining particle size

is the fluence of the incident beam and that it is also influenced to a

lesser extent by scan speed and scan  spacing. It also suggests that there
are many interactions between all of these parameters, including a

statistically significant complex interaction between all 3 paramet ers (as

shown by the AFx parameter in the equation).

The second morphological model  derived (4) describes the standard
deviation of the cross -sectional area of the particles (" a, a proxy for the

dispersity of the particles) in terms of the same parameters as above.

X8® ' THITO pRD w0 O 'O pg® 'w v ® Ow @)
o ©® "Ow 18I ¢ W

Similar to the model for particle size (3), the dispersity model (4) is
influenced by fluence, scan speed, scan spacing and complex interactions
between all of these parameters.  Plotting these models as contour plots
clearly shows the wide variance in the shape of the surface plots for
particle size and particle dispersity dependent on the input parameters
above (Figure 35). Examining these plots, atrendis also immediately
evident suggesting that greater fluence generally results in a larger

particle size within the film.
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Figure 35. Contour plots of the particle area (left) and standard deviation of area

(right) predicted by the derived models at var ious scan spacings

Finally, to evaluate accuracy of these models a normal plot of residuals

and predicted vs actual plot of each was prepared ( Figure 36). From these
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plots it can be seen that the empirical measurements largely conform to
those predicted by the model and that the deviations from the predicted
model are normally distributed. The normal distribution of these
deviations from the predicted value s suggests that they are primarily due
to statistical noise, which agrees with the conclusions drawn above based
on Table 6 and Table 7.
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Figure 36. Normal plot of residuals and predicted vs actual plots for the size

(top) and dispersity (bottom) models derived

The derivation of models describing the plasmonic pr operties of the films
followed a similar path to the derivation of the morphological models.

The first plasmonic model derived (5) described the plasmonic peak
position ( <,) of the films produced in terms of the scan speed (), fluence

(F) and scan spacing ( x) (5).
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Based on this formula it can be seen that fluence is the primary factor
determining the plasmonic wavelength of the films produced. When
examining a contour plot and surface plot for this model ( Figure 37)itis

clear th at greater fluence generally results in a longer plasmonic
wavelength. Assuming that the deposited particles behave similarly to
other nanoparticle films  *” this suggests that higher fluence results in the
production of larger particles. This observation agrees with trends noted
in the previous models above (  Figure 35), further reinforcing these

proposed models.

127



—

Plasmon a
Positon & —
= €
578.9nm = =
o oo
a ©
& &
S § 75
& é
<
o
50 -
0.221 0.286 0.351 0.416 0.481
Fluence (J/cm?)
C) 150
g 5 125
{ o= oo
o £
= o
= 100
@ ©
o &
; =4
5 3
550.0nm g A
©
o

0 -
0.221 0.286 0.3|51 0.4‘16 0.481
Fluence (J/cm?)

—

Plasmon Position (nm) (D
Scan Spacing (um)

50 T T e
0.221 0.286 0.351 0.416

Fluence (J/cm?)

Figure 37 Surface (left) and contour (right) plots of the pre dicted plasmonic
peak positions at scan speeds of (a,b) 6mm/s, (c,d) 12mm/s and (e,f) 18mm/s

Surfaces and contours are colorised by plasmon position.

The actual vs predicted plot for this model ( Figure 38) shows that the
predicted values largely agree with the actual values for this property.
Interestingly, although the normal plot of residuals for this model ( Figure
38) suggests that its variance is mostly due to noise but shows a very
sligkture® 6 s hape,avenusligbtlyg sinmodahdistribution A
slight bimodal distribution would suggest that some parameters are not
being modelled in the ideal way, agreeing with the hypothesised
explanation for the  unusual ly low adequate precision value (  Table 7)

relative to what w ould be expected based on its SNR ( Table 6). Despite
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this, the bimodality appears to only be very slight, implying the residuals

are at least approximately normally distr ibuted.
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Figure 38. Normal plot of residuals and predicted vs actual plot for the

plasmonic peak position model

The last model produced describes the plasmonic peak integral ( A,, the
area under the peak) interms of onlythe fluence (F) and scan spacing ( X)
(6). This equation also suggests that the most significant parameter in

determining this property of the film is the fluence imparted.

0 T®WJFE@ mnnmPpu @ T0 MTxam ™ Ow p & T (6)

This model appears to suggest a squared relationship between fluence

and peak integral, in addition to a squared relationship between scan

spacing and peak integral. A surface plot of this model (  Figure 39) shows
that it implies that greater fluence and lower scan spacing result in
increased plasmonic peak integral  within the process space . This makes
sense if we assume that a thicker or more dense film (as would be

intuitively expected at greater fluences or lower scan spacings) results in

a greater plasmonic peak integral. Such an assumption would be

expected to hold true fo  r any monodisperse or low dispersity film A
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Similar to the other models derived, the validity of the plasmonic peak

integral model was verified by plotting a normal plot of residuals and

predicted vs actual graph (

Figure 40). These plots showed that the

predicted values largely agreed with those empirically observed within the

process space examined. Despite this general agreement a single outlying

measurement was found that deviated from the mathematically predicted

value (Sample 12, clearly noticeable as far from the rest of the points in

both plots). However, as this measurement was only one of ten

repetitions for that same parameter set it was deemed a simple statistical

outlier within the dataset.
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Figure 40. The normal plot of residuals and predicted vs actual plot for the

plasmonic peak integral model derived
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Interestingly, upon close examination of the plasmonic peak integral

model (6) it is clear that the derived surface has parabolic curvature.

Thus, this implies that at a low enough fluence or high enough scan

spacing the plasmonic peak integral  should begin to increase ag ain.
Intuitively speaking, this assertion that large scan spacing should result in
a large plasmonic integral  seems strange on its face and as a result it
likely indicates that the derived model is only a reasonably accurate
approximation within a certain range of parameters . From the equation

presented (6) it is possible to derive a  formula (7) describing the line

upon which the predicted minima sit (the ol i ne ,andthemeforei ma o)
the line beyond which the integral is expected to begin increasing agai n.
0 T®B{E@ minnmPpu @ T0 Mrxar P Ow p & 1 (6)

g, BT O 18X

aQ—,S—d)D L1
MBI EY @ O T8 T
WO XTXTTMXTTIOXT MXOR@WP X QLVUT 0T WW

M@ OoUuUTl
T (7)
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Figure 41. A plot of the line described by (7) (red) and the process space
examined during this study (grey) . The pink area above the line is the area

where where the plasmonic peak integral is predicted to begin increasing again.

As can be seenin Figure 41 the process space examined falls well within

the space wherein the trend predicted by the derived model behaves as

would be intuitively  expected. However, for scan spacings above  a certain
range (highlighted on the graph) the resulting plasmonic peak integral

would be expected to counterintuitively begin increasing again. This

would imply that a scan spacing of, for example, 1m would resu It in an
absurdly high intensity plasmonic peak which goes against the trend that
might intuitively be expect ed. Thus, it should be stated that the derived
model likely begins to deviate greatly from reality as the parameters move
further outside the proce ss space examined and that further refinement

of can likely significantly expand the range over which the model can be
applied. As such, future work examining the limits of this model and

aiming to further refine it might begin by evaluating the validity o f this
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unexpected prediction through the production and characterisaition of

samples whose parameters fall above the line of minima.

3.3 Conclusions on the CAP Development Process

As the refinement of CAP progressed from the initial discovery of the

proc ess (Section 3.1) to its current form (Section 3.2.3) , it has been
developed into a reliably reproducible and predictable technique.
Furthermore, although the current models are useful for the fabrication of
nanostructured surfaces it is clear that there i s much room for further
refinement of the process to allow for an even greater degree of control
and usability. The early exploration of the process (Section 3.1) shows
that despite the emphasis placed on gold on COP during these studies the
process is app licable to a wide variety of metals and substrates, offering
many potential avenues for future research into uses for the

methodology. In addition, the somewhat novel capability of CAP to allow
for the easy deposition of surfaces with a complex macroscale shape
suggests potential applicability in the development of novel types of

flexible circuitry and similar applications.

The data gathered during the course of development offers insights into
possible mechanisms for the process , which is an important aspect of
learning to better control it . As discussed in Section 3.2.3 the results of

the study support the hypothesis that the CAP mechanism is similar to

the mechanism of conventional PLD methodologies, with the distinction

of the exponentially smaller target -substrate distance required in the CAP
methodology likely being primarily accounted for by the effects of plasma
confinement. Future work on the elucidation of a mechanism for the CAP
process would likely benefit greatly from the applicatio n of Optical
Emission Spectroscopy (OES)of the plume during ablation to examine the

plasma dynamics during the CAP process %72,
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In the final study performed, four reliably predictive statistically
significant models were derived describing relationships between the
process parameters and the resulting properties of the films deposited
(Section 3.2.3). These models allowed for the reliable prediction of

particle size (3), particle dispersity (4), plasmonic peak position  (5) and
plasmonic peak area (6) based on the fluence, scan spacing and scan
speed within the process space bein g examined. Outside the process
space these models may or may not continue to hold true and future

work should focus on expanding the predictable process space of the CAP
methodology. An example of a potentially necessary future refinement to
these models is discussed in Section 3.2.3 . As noted, t here are some
indications that far outside the process space examined the plasmonic

peak area model (6) may begin to break downa nd we can mathematically
derive a scan spacing range beyond which the results become quite
counterintuitive (see Equation  (7) and Figure 41). However, despite this ,
the models have been shown to be statistically significant and reliably
predictive within the parameter ranges tested and  for the purposes of this

work they are therefore considered to be completely sufficient
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4. Development of Sensor Surface Fabrication

Methods

Following the studies outlined in Section 3 (which were intended to build
a functional understanding of the CAP process, how to reliably carry out
CAP deposition and the properties of the films it produces) a series of
expetiments were performed to begin applying this technique to

biosensor fabrication

Based on the information presented in Chapter 2, it was decided that
electronic biosensing methods would likely prove the most reliable way to
readily utilise the deposited films in a sensor platform. To confirm this, a
quick proof -of-concept experiment was devised to demonstrate the
conductometric response of a CAP d  eposited film to a surface intera  ction.
As discussed in  Section 2.6 gold nanostructures are commonly
functionalised via thiolation as this is among the simplest methods

available. Thiol groups spontaneously form covalent bonds with gold

atoms in areaction readily exploitable for the functionalisation of gold
nanoparticles. This chemical reaction between a gold surface and a thiol

in solution is commonly applied in the functionalisation of biosensors.

This thiolation reaction should also provide a measurabl e conductometric
response in the gold surface and this response is easily measurable and

varies with the chemistry of the thiol used 7% As a result this thiolation
reaction provides an easy way to demonstrate a conductometric response

in the films deposited.  Based on this an experiment was designed to
examine the intera ction of CAP deposited nanostructured gold films and

the readily available thiol 2 -mercaptoethanol.

Due to the limitations of the 4  -point conductometric probe used at this
stage of the work (discussed in Section 3.2.2 b) the initial proof -of-concept

tests w ere performed on a sample comprised of a nanostructured gold
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film deposited on a glass substrate, rather than COP . In an initial
experiment, a nanostructured gold film was deposited on glass according

to a set of parameters previously foundto resultinth ick depositions on
glass (Section 4.1), these parameters were: scan speed: 3 mm/s, fluence:
0.79 J/lcm2, scan s pacing: 150 em and vertical s pacing: 0 em. The
conductivity of this sample was then measured using the 4 -point
conductometric probe (Table 8). A droplet of 2 -mercaptoethanol was then
placed on this surface for 10 minutes, before the sample was thoroughly

rinsed with dei onised water followed by ethanol to ensure the removal of
any un bonded thiol and left to dry before further testing . The conductivity

of this sample was then measured again ( Table 8).

Table 8. The electrical pro perties of the sample before and after thiolation, in
addition to the difference between them as both a value and a percentage
change. This test served as a quick demonstration of a CAP film changing its

preoperties responding to surface interaction (a pre requisite for use as a

sensor) .

Measurement Resistivity Hall Mobility Hall Coefficient
( mYAcm) (cm? ( VAs) (m?/C)

Before

o 1.267 0.275 -0.000348
Thiolation

After Thiolation 1.884 0.097 -0.000183

. +0.000165

0 - - 0
Difference +0.62 (+48.7%) 0.178 ( -64.8%) (+47.5%)

As can be seen from the data presented in Table 8, the thiolation of the
nanostructured surface produced a significant change in its electrical
properties, resulting in a 48.7% increase in the resistivity of the film. The
hall mobility and hal | coefficient of the film also changed significantly,

exhibiting a 64.8% decrease and 47.5% increase respectively. This
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suggests that the resistivity change resulting from the thiolation of the

surface is due to changes in the mobility and density of charg e carrying
species in the metal film  **. This is likely due to the bonding interactions
occurring between the gold and sulfur atoms, drawing valence electrons

from the electron sea of the metallic film and thus reducing their density
throughout as has been observed in other gold nanostructures % This
be haviour reinforces the hypothesis that these films have potential
applications in the fabrication of electronic sensor platforms, as it shows

their significant electronic response to interaction occurring at the

metallic su rface of the film.

Following this result suggesting the potential efficacy of CAP films as an
immobilization surface for electronic sensor platforms, work began on

applying this method in the fabrication of electrodes on COP suitable for
such a sensor while work also began on the acquisit ion of a more suitable

conductometer for biosensing purposes .

4.1 Exploration of Interdigitated Electrode Designs

As discussed in  Section 2.3.2, the design of electronic biosensor

platforms tends to favour the oOlnterdigita
the each individual electrode is comprised of a series of intertwined linear

pieces. Based on this convention and the reasoning behind it, initial work

on the fabrication of sensor surfaces via the CAP methodology focused on

the deposition of similar interdi gitated electrode designs. By making use

of the capability of the CAP process to draw complex shapes based on

toolpaths (Section 3.1, Figure 25) several toolpaths were pre pared (as .dxf

files) for the single -step deposition of interdigitated electrode sensors

(Figure 42).
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Figure 42. Toolpaths for electrode designs deposited on 25mm > areas based on
the a.) square and b.) circular standard forms of interdigitated electrode
designs. These lines describe the paths traced by the laser during CAP

deposition of these shapes.

To achieve a successful deposition of interdigitated electrodes, a

rudimentary understanding of the behaviour of CAP specifically applied to
linear depositions would b e required. To begin understanding this
behaviour, an initial study was planned based on the simple deposition of
numerous straight lines on a COP substrate using the same semi -
optimised methodology applied in Section 3.2.3 (to easily allow for
variation o f the vertical spacing parameter) . Using this methodology, A
number of lines were deposited (Figure 43) according to a DoE model
(similar to the studies performed in Sec  tion 3) and these lines were then
examined with optical microscopy to measure their thickness (in microns)
and contiguity (Table 9). Contiguity was recorded as a binary value of 1

for a contiguous line and 0 for a line with clearly observable gaps along it.
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Figure 43. Optical microscopic images

at the same magnification

darkened areas along the scan path

Table 9. The DoE parameters and measured outputs from th

deposition study

simply

Sample
number

recorded as

Fluence
(J/ecm ?)

of samples a.) 15, b.) 17,c.) 14 and d.) 8
. Recorded line widths were taken to include all

a

S i

, to the nearest 10 em.

. The line width output is to within £5

mpl e

contiguous lines.

Scan Speed

(mm/s )

Vertical Spacing

(em)

e linear CAP

em and contiguity is

binary

Line Width
(em)

006 f

Contiguity

0.151
0.151
0.151

18.00
10.00
18.00
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Sample Fluence Scan Speed Vertical Spacing Line Width

number (icm 2) (mmis ) (em) (€m) eI
4 0.151 10.00 0 300 0
5 0.793 18.00 188 350 0
6 0.793 2.00 188 40 0
7 0.582 2.00 0 40 1
8 0.582 2.00 188 50 1
9 0.582 10.00 188 30 0
10 0.582 10.00 0 40 0
11 0.793 2.00 0 350 0
12 0.582 18.00 188 40 0
13 0.582 18.00 0 300 0
14 0.151 2.00 188 750 0
15 0.151 2.00 0 900 0
16 0.793 18.00 0 50 1
17 0.793 10.00 0 40 1
18 0.793 10.00 188 220 0

Despite this DoE study, no strong correlations were found describing how

to optimise the process for the deposition of contiguous lines. In the
absence of a reliab ly predictive model to aid in the process of
optimisation , the deposition of thin, contiguous electrodes would need to
be optimised by different means. This optimisation was performed by

simply selecting parameters known to give acceptable results from the

study and then varying the parameters individually by small amounts and
selecting those found to result in th e most desirable and reproducible
characteristics for further iterative testing. By gradually improving the

depositions until no changes could be made without observing worse
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results a local optimum would eventually be found, similar to the

mathematicalco ncept ofCla nobHinlgl Al gor i t hmo.

As testing began, these initial a  ttempts to deposit such electrodes directly
via the CAP m ethodology resulted in the discovery of an interesting

limitation to the CAP deposition of linear fea tures. As can be seen in
Figure 44, attempts to directly deposit interdigitated electrodes resulted

in the appearance of numerous gaps that would make the electrodes
unsuitable for sensing purposes. It was also noted that these gaps tended
to appear mostly where a laser scanned across a previously deposited

line. As such, it was hypothesised that this was probably due to the laser
ablating the already deposited nanostructures from the polymer back

onto the target, an effect similar to that observed in the LIFT process.

Based on this hypothesis, these gaps w  ere henceforth be referred to as
the OLIFT zoned of .Thbesegadsenghe dejpdsieedl | i ne s
electrodes proved to be a hindrance to the con ductivity of the electrodes,

thus causing them to be unsuitable for the desired application.
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Figure 44 . Microscope images of CAP deposit ed a) square and b) circular

interdigitated electrodes (dimensions 5mm x 5mm and 5.64mm diameter so that
both cover an equal area). Note the LIFT zone gaps highlighted within the green

circles .

Once this phenomenon was observed, an experiment was planned to
determine if the effect cou Id be mitigated or not. For this experiment,

large CAP surface s (2 rectangles of approximately 5 mm x 100 mm, one
for the samples at each vertical spacing ) were deposited and the laser was
then scanned across this already deposited surface. Th e lines were
deposited parallel to the short edge on every pass and the laser

parameters for each pass were  selected accordingto Table 9 (previously
used to examine linear CAP depos ition ). Upon examination of the samples
it was noted that the deposited lines generally fell somewhere on a

spectrum of deposition types as exhibited in Figure 45. The first type
observed was the thin, conti  guous line with a large LIFT zone (  Figure

45 a), gradually giving way to lines with an equally large LIFT zone and
clearly visible breakages (Figure 45b). Other samples appeared as lines of
almost no deposition but still with a large LIFT zone ( Figure 45c) finally
giving way to samples with no deposition present at all but a clearly

defined, small LIFT zone ( Figure 45d). All examples in  Figure 45 are at a
vertical spacing of 0 um, but the same trend was noted in the samples at

a spacing of 188 um. The clear trend on display in the samples suggested
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that as fluence is reduced and sc  an speed is increased the LIFT zone for
the deposited line eventually begins to decrease. However, the se tests
also suggested that the process crosses into a range wherein no

contiguous line is deposited long before the LIFT zone begins to shrink.
Based on this observation, it was decided that the deposition of a thin
contiguous line was not likely and that if it was possible the time required

to optimise for these conditions would be excessive. As a result, it was

decided that the electrode design should i nstead be adapted to consist of

a single line to simply avoid the LIFT zone problem entirely.

Figure 45. Images of several linear deposition tests and their respective LIFT
zones. Sample numbers are a.) 10, b.) 17, c.) 11 and d.) 1. As can be seen in

image d, a LIFT zone is still present when no visible line was deposited.

Considering the aim of the interdigitated electrode design (to allow

maximum surface interaction between electrodes in as compact a space
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as possible) while bearing in mind the requirement for the deposition of a
single continuous line for each electrode, it was eventually decided that
the most logical design was to deposit a pair of tightly interlocking spirals

as electrodes (Figure 46, hencef ort h rspirbletercda d olde sas
Using this design the space i n which the electrode is deposited would be
used efficiently , the electrodes would each be deposited as a single line

and the cathode and anode should be close enough to easily interact with

each othe r. In addition to increasing the ir ability to interact with one
another, minimizing the distance between the electrodes also allows the
interlocking spiral electrodes to be longer, increasing the exposed area

that can participate in these interactions between electrodes and allowing
for fu nctionalisation with more detect ion molecule. During the previous
studies the observed LIFT zone was  generally found to extend no further
than approximatel y 50 em from the deposited lines . The deposited lines
were also found to gen erally have a thickness below 40 em when a
contiguous, well -defined line was deposited. Based on these pieces of
information, i t was extrapolated that the minimum possible distance

between the electrodes to ensure  that they are both outside the LIFT zone
of the other should be approximately 90  em. As such it was decided to
deposit the electrodes with a centre line gap of 1 00 ¢em between each

spiral , to allow some space for errors and inaccuracies.
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Figure 46. The toolpath prepared fo r the deposition of the redesigned
electrodes. Each electrode is comprised of a single line spiralling towards the

centre with a consistent distance to the other electrode on either side.

Following the preparation of this design, numerous tests were made
attempting to deposit these spiral electrodes on COP. These depositions
were performed using the  more optimised CAP  setup from the
experiment described in  section 4.3, thus usinga 50 &em gap. This setup
was used due to the fact it had proven in previous expe riments to give
the most reproducible results when compared with the other setups used.
Following the deposition of several straight lines at various parameters, a
parameter set was found that appeared to give reliable, thin, contiguous
depositions (scan speed: 18 mm/s, fluence: 0.665 J/cm?) and this was
selected as the starting point ~ for the optimisation process. The
optimistaion process then proceeded through iterative incremental
adjustment, as previously described in the linear deposition tests
Following the examination of samples produced in triplicate at 11

different parameter sets , each making small adjustments to the

depos ition parameters , a set of parameters was found that resulted in a

thin, contiguous deposi tionin all 3 repetitions (Figure 47).
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Figure 47. Samples produced at scan speed: 17 mm/s, Fluence: 0.671 J/cm?.
Each of the samples fabricated with these parameters shows a thin, contiguous

deposition of spiral electrodes.

The samples visible in  Figure 47 were produced at a scan speed of 17
mm/s, fluence of 0.671  J/cm?. These parameters allowed for the
reproducable fabrication of spiral electrodes, with the only visible
imperfection being the small gap visible in the bottom right corner of
sample b. This imperfection is at the beginning of the toolpath and is
therefore likely due to the laser output having not yet s tabilised (its
output can be somewhat inconsistent for the first few seconds after it is

engaged).

Following the production of these electrodes, a conductometer more
suitable for sensor testing  (a Gamry Interface 1000 Potentiostat)  was
obtained and a precu rsory attempt was made to utilise the bare electrode
samples to performa CV measurement. This first attempt showed lower
than expected conducti vity. It was hypothesised that the reason for this

may be due to the laser etching a channel in the polymer duri ng the
deposition step. This was further evidenced by the fact that past attempts
at conductivity measurements using a 5mm x 5mm square deposition

were successful , and CV attempts with the same samples also proved
successful . To examine this hypothesised e xplanation , the sample used in
the failed CV experiment was used in a cross -sectional SEM experiment,

as shown in Figure 48.
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Figure 48. Cross-Sectional SEM analysis of the deposited spiral electrodes. Image

b is zoomed in on the edge visible in image a. The spiral shaped channels
visible align with the path of the laser, suggesting that they were likely created

by the laser during depositi  on.

As can be seenin Figure 48, the CAP deposition of spiral electrodes also
resulted in the etching of deep channels that would make it difficult to
establish an electri cal contact with the electrodes . Based on this
discovery, it was concluded that to further pursue this fabrication method

in the face of such obstacles would likely take an inordinate amount of

time, and thus that future designs should simply focus on impr oving the
simpler square surface electrodes that had already proven to give a
measurable conductometric signal. As the CAP technique is further
developed in the future these interdigitated electrode designs may

eventually be worth revisiting, as these earl y results do show potential for
this fabrication method. However, at this relatively early stage of its
development it is evident that the CAP technique is not yet mature

enough to allow for the facile fabrication of such sensors.

4.2 Development of a Square Plate Electrode

As the project progressed, the focus of development shifted away from

the ambitious interdigitated electrode inspired designs towards simpler
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square plate electrodes. This was largely due to the emergent difficulties

of interdigitated e lectrode deposition, as previously discussed.

As discussed at the beginning of Section 4 (and shown in the data in
Table 8) early proof of concept tests demonstrated the desired
conductometric response to surface interactions in a CAP deposited film.
This early test was constrained to being performed with a surface
deposited on a glass backing due to the limitations of the equipment
available at the time but it demonstrate s that a simple 5mm x 5mm

square CAP film would likely be suitable as a basis for a conductometric

sensor with further development. To achieve this goal, the deposited film

should ideally be optimised to fulfil | several conditions. These desired

conditions for sensor development were:

Minimum particle size : to maximise surface area

Minimum polydispersity: to ensure minimum patrticle size
(extremely large polydispersity at low peak particle size would still
contain excessively large patrticles)

Minimum interparticle distance: to maximise conductivity
Maximum deposition thickness  : to maximise surface area and

sensor loading capacity , and minimise interparticle distance

To optimise for these parameters, we can apply several trends strongly

established in S ection 3.2.3 . These trends are that:

1 Lower scan spacing and higher fluence generally results in thicker
films (based on the plasmonic integral model)
1 At 50 em and high fluence, greater scan speed generally results

smaller particle size and lower polydispersity

Based on these observations, it was decided that samples should be

produced at 50 £m scan spacing, 18mm/s scan speed and the maximum

achievable fluence of 0.79J/cm ? with a PRF of 10kHz and a pulse width of
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3.5 es. Although this fluence is somewhat outside the process space for
shich the applied model was decided that it was necessary to use the
maximum possible fluence of the laser (following its repairs) to maximise
film thickness and to work on the assumpti on that the previously
established general trends would likely hold true if only one parameter

was outside the process space. Initially, this combination of parameters
was found to result in an unreliable deposition but it was noted that a

large amount of particulates were produced during these failed
depositions and that thin diagonal lines were left on the substrate. As a
result of this observation it was hypothesised that the failed depositions
were possibly due to the same n&dctioFdll, zoneod
occurring as the laser moved from the end of each line to the beginning

of the next one. Based on this assertion , the laser scanning pattern was
changed to a bidirectional raster scan pattern and this was found result in

a reliable depositio n (Figure 49).

Figure 49. A photograph of a successful gold nanoparticle deposit ef film

produced using a bidirectional raster scan pattern of 5mm by 5 mm .

Following the successful deposition of these surfaces testing with the
potentioometer found that the samples had unusually low conductivity
despite the clearly thick deposition layer. As no model was available to
optimise the conductivity of samples (due to problems discussed in
Section 3.2.2 with the instrumentation available) it was decided at this
point that a method was needed to reliably increase the conductivity of
the fabricated surfaces, th  us ensuring that conductive samples could be
obtained regardless of the deposition paramters used.
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To solve the conductivity problem noted it was first necessary to identify
the possible reason for the observed low conductivities. As gold
nanoparticles are well established to be conductive, the most immediately
obvious hypothesized reason for low conductivity for a gold nanoparticle
film would be lack of contact between deposited nanopatrticles. With this

hypothesis in mind, two possible solutions were propo sed and tested.

4.2.1 Methods for Conductivity Enhancement

The first possible solution  was to laser sinter the deposited

nanostructures immediately after deposition (Figure 50a). By melting the
particles like this adjacent particles would be allowed to fuse with each
other, decreasing the number of gaps and thus increasing the rate of

electron percolation through th e surface. If successful, this proposed
solution has the advantage of being simple, straightforward, rapid and
inexpensive. However, it would also likely have the major disadvantage of
reducing the overall surface area of the sample because fused particles

would have a lower surface area to volume ratio.

The second possible solution was to crosslink the adjacent particles with

a conductive crosslinker of some kind ( Figure 50b). By linking particles
together with a  suitably long conductive crosslinker  electrons would be
able to bridge any gaps in the film with minimal resistance, thus also
increasing the rate of electron percolation without the need for a surface
area reduc tion. This method would, however, likely increase the

complexity and cost of any fabrication method. To mitigate this, the
crosslinker should ideally be inexpensive and the chemistry used in the

crosslinking process should be straightforward.
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a.) Direction of b.)
Laser Scan

Figure 50. Simple diagrams exhibiting how a.) sintering and b.) chemical

crosslinking can be used to bridge gaps between deposited particles. These
methods were both tested as a possible conductivity enhancing post -processing
step.

To test bo th of these proposed mechanisms for conductivity

enhancement a reliable method of solid state conductometric testing

would first be required. It was decided that a 4 -point conductometric
probe would be ideally suited for these test s, but as discussed in Se ction
3.2.2 b the only such instrument available appeared to have grounding
problems and would need to be modified to include a ground if more

reliable data was to be obtained. Based on this, permission was obtained

to make a minor modification to the instrument to ground the stage
(Figure 51) and tests then began to examine the effectiveness of the two

proposed methods for conductivity enhancement.
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Figure 51. A photograph of the modified 4 -point probe used during testing.
Note the cro codile clip and metal wire being passed through the cooling inlet to

ground the stage

4.2.1a Laser Sintering of CAP Films

The method employed for the post dep osition sintering of CAP deposited
surfaces was kept relatively straightforward to allow for ease of

manufacture. On the laser stage, immediately following deposition the
sample was flipped, the stage height was changed and the laser was then
scanned over the surface according to the desired sintering parameters
(Figure 52). This method allowed for the rapid processing of samples and

would be relatively simple to  scale up to production scale in future work.
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1. Deposit

L

2. Flip Sample

]
3. Sinter Particles

Figure 52. A diagram of the deposition and sintering process employed during
this experiment. A film was first deposited, the sample was then flipped and the

now upwards facing film wa s immediately sintered.

Initial tests to evaluate the efficacy of sintering as a conductivity
enhancement method showed some slight conductivity enhancement, but
no immediately obvious trends affecting the conductivity of the resulting
sample. As such, it was decided that the quickest way to examine the
factors determining conductivity and repeatability for this technique

would best be evaluated using a simple DoE (  Table 10) of input
parameters, using only  resistivity as an output parameter. In this
experiment, the power output of the laser was fixed at its maximum
(whichis 1.22W at 10 kHz PRF ) and the laser was defocused to
increase/ decrease the spot size. As the size 0 f the laser spot was varied,
it was decide d that overlap percentage would be more relevant than
directly measured scan spacing in this case because the size of the spot
was no longer fixed as in earlier experiments. For the sake of this

experiment, the ove rlap value used was a simple overlap of adjacent
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scanlines (described by the  Formula (10)) instead of a more accurate
overlap value (described by the  Formula (12)) and the reasons for this

decisi on are discussed below.

Table 10. A table of the DoE input parameters and the measured response

(resistivity) for the post deposition sintering process.

Sample number Spot Size (em) ) SC("’r‘: n?/z)eed Resz:\sz)( 4
1 300.00 30.00 30.00 1.32E+9
2 300.00 70.00 10.00 6.6 6E+9
3 200.00 50.00 20.00 2.13E+9
4 100.00 30.00 30.00 1.52E+10
5 200.00 50.00 20.00 1.39E+6
6 100.00 70.00 10.00 7.28E+11
7 300.00 30.00 10.00 2.45E+8
8 300.00 30.00 10.00 1.86E+5
9 100.00 30.00 30.00 8.73E+9

10 300.00 30.00 10.00 6.70E+10
11 300.00 70.00 30.00 1.63E+7

12 300.00 70.00 10.00 4.48E+8
13 100.00 70.00 10.00 1.86E+10
14 200.00 50.00 20.00 5.59E+7
15 100.00 70.00 10.00 1.31E+8
16 100.00 70.00 30.00 6.58E+9

17 100.00 30.00 10.00 4.12E+10
18 100.00 30.00 10.00 4.48E+9
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For pulsed laser setups, overlap between consecutive pulse is often
calculated using a simple formula  *"® ((8) or, as can be readily derived, (9)
where L = distance between pulsesin  em, d = spot diameterin &m, A=

scan speed in mm/s andf=PRFinkHz ).

oy \ I3 ) T 5o N v \ LAY ‘L‘)
0¢¢il QubdA@UAI wn p g PTW (8)
" 71
v H
0€¢i QubOAUUIENI &dwn p @ PTT 9)

In the experiment described however, this standard definition for overlap

is not sufficient. This is because the laser spot is being raster scanned

across the surface at scan spacings lower than the diameter of the

defocused laser spots to ensure complete coverage of the surface during
sintering. As such, the overlap of imparted fluence will also be dependant

on the overlap between scanlines.  As can be seen from (Figure 53) the
overlap between scanlines can be readily calculated by treating the areas
irradiated by each line as rectangular (which they should approximately

be). Based on this supposition, an equation for adjacent line overlap can

be derived (10).
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Figure 53. A diagram of overlapping adjacent scanlines . Adjacent scanlines

alternate red/blue and the overlap area is shown as purple. The parameter x ,

denotes the width of the overlap area.
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By multiplyin g these overlap precentages (as decimals) , it is possible to
derive a good approximation for total overlap for this experiment al

method (11). Based on this , a rather more complicated formula  (12) can

then be derived for overall overlap percentage that does not simplify
further well.
. @c‘br‘]é £ QODOIGUANT & O 6 QQMNDEE @ '@D'de’)r‘]p nn (11)

pmm p T
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60Q1I BN p % ¢ 2 onmn (12)
The use of this overlap value was decide  d against because of the
complexity of deriving suitable input parameters using a formula such as
(12) and the increased resulting experimental complexity of the study It
was decided that a much more reliable and simpler approach would be to
use the adjacent scanline overlap percentage value (10) and record the
scan speed to control the input parameters of the sintering process. This
would vary total overlap percentage, but would still result in the

derivation of a model suitable for sintering process control.

Table 10 shows evidence that at certain p  rocess parameters conductivity
enhancement via sintering  is possible . Despite this, examination of the
resulting data using Design  -Expert 7 *° showed no statistically significant
trends were discernible in the dataset. This would make the process
difficult to optimize for maximum effect iveness and reproducibility . This
lack of reproducibility in the dataset is further reinforced by its extremely

low signal -to-noise ratio (as calculated using the true  -SNR formula (2)) of -
7.173 dB. This extremely low SNR value suggests that an important
parameter in the sintering process may not be accounted for or that

process control requires precision that is unachievable with the laser

setup being used. Thus, it was decided to shift focustot  he

functionalization based conductivity enhancement method going forward.

4.2.1b Crosslinking Functionalisation of CAP Films

To enhance the conductivity of the sensor surfaces using
functionalisation a suitable =~ nanostructure crosslinker would first be
required. It can be surmised based on an application of some principles
of supramolecular chemistry that a desirable crosslinker should have the

following properties:

157



1 Charge transfer and conductivity: a suitable crosslinker should be
able to transfer charge to  and from the surface and conduct charge
through its molecular structure

1 Homodifunctionality: a suitable crosslinker should be
homodifunctional, i.e. it should have two identical functional
groups at each end capable of bonding to and transferring charge
to/from the surface

1 Rigidity: a suitable crosslinker should be rigid, so that its second
binding functional group does not simply bind to the same surface
as its first functional group

1 Long or expandable length: a suitable crosslinker should be long
enough to span any small gaps in the surface or should be capable
of being stretched to such lengths

1 Ease of availability: Although not  absolutely vital, the crosslinker
should ideally be readily available to keep the cost and complexity

of sensor fabricationlo w

After some consideration, it was decided that the crosslinker that best fit
the se criteria the most would be benzene  -1,4-dithiol (Figure 54), which

has every desired property  with the exception of length.
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Figure 54. The molecular structure of benzene  -1,4-dithiol (a) and a diagram of

the mechanism by which it can transfer charge between surfaces (b).

A method was devised to compensate for this shortcoming of having a
fixed, short length based on the ease of bonding thiol groups to gold
surfaces. By repeatedly exposing  of a sensor surface to alternating
samples of crosslinker followed by a gold nanoparticle colloid a daisy -
chain of nanoparticles should gradually form extending from the sensor
surface. As these daisy chains extend they should eventually come into
contact or even crosslink, allowing current to bridge any gaps in the

sensor surface (Figure 55). This method of crosslinking also has the
added advantage of increasing the sur  face area to volume ratio of the
sample, as the daisy -chained nanoparticles are also suitable to serve as
part of the sensing surface. This, in turn, would be have a positive effect

on the sensitivity of any final biosensor produced using this method.
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