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Abstract

A small chip for biomedical analysis connected to our home computer or
smart mobile, which would be capable of diagnosing illnesses, a lack of vitamins,
or the over-presence of substances from samples of blood, urine or saliva would
be a great advance. Such a system could give advice to the user about the optimal
medicines to take or provide information to a specialist for effective treatment. Of
course this system will take some time to develop but this thesis aims to provide
some key understandings to help make such systems a reality and bring some new
biosensing elements to this exciting project by investigating the molecular sensing
of proteins in well-defined nanometer-sized confined areas. The understanding of
molecular dynamics in nano-confined volumes is fundamental for designing the
appropriate lab-on-a-chip devices able to transport and sense biomolecules.
However, the advantages and problems occurring at the nanoscale are still to be
discovered and currently, there is a lack of accurate sensing devices for proteins in
nanofluidics. One limitation for performing these studies and biosensing device
developments is to have a low-cost and simple nanopore biosensing platform. To
address these limitations this thesis focuses on exploration on nanoporous alumina
(NPA) with perfectly ordered nanoporous or nanochannels prepared by unique
self-ordering electrochemical process with the aim of developing new nanofluidic
biosensing platform with new functionalities that are not accessible to
microfluidics. Based on measurements performed in 20-70 nm nanochannels,
where proteins were binding on the internal surface of the nanochannel and its
interactions with antigens were investigated using electrochemical impedance
spectroscopy measurements. The size of prepared nanofluidic channels is
comparable to the length scale for electrostatic interactions in aqueous solutions

Xvii



and the binding of proteins in the various dimensions and shape of nanochannels
were modeled theoretically and verified experimentally with impedance
spectroscopy. As a result of electrostatic interactions, surface charge can govern
ionic concentrations in nanofluidic channels. On the other hand, it has been shown
that protein charges directly influence the nanochannel conductance giving a
better understanding of how the protein’s counter-ions modify the surface charges
inside the nanochannels. A direct measurement inside the nanochannels has
allowed the identification of different systems of interacting proteins, depending
on the thickness of the electrical double layer. Due to the small channel size,
surface binding of protein and a generated electrostatic conduction effect inside
the nanochannel due to the charge of the proteins and ionic strength of the
solution have important role in the impedance biosensing. An understanding of
the properties and advantages of the nanoporous alumina nanochannels lead to the
various other applications including the extraction of DNA and proteins, and
measurement of the activities of bacterial nanowires. Finally, a novel microchip
biosensing device with an NPA platform is designed and demonstrated for
impedance biosensing to measure the changes inside the nanochannel due to the
binding of proteins. The results showed that changes in the impedance can
indicate target binding and sample surface morphology is responsible for changes
in the sensing ability of the developed device.

The work described in this thesis details significant research in the nascent
field of nanofluidic biosensing. The work points out novel, important,
experimentally-verified complements to define theoretical models as well as
practical approach to go forward with the design of complex nanofluidic systems

applied to biomedical and biological applications.
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Chapter 1

INTRODUCTION



1.1. Biosensors: principle and concept

A biosensor is an independent receptor or transducing device, which has
capacity to provide quantitative evidence using a biological element [1]. Sensor
contains a recognition element that enables the selective response to a particular
target molecules or analyte, and minimizes interferences from other foreign

components available in sample (Figure 1.1).
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Figure 1.1: Generalized concept of biosensor device, showing the working
components of the sensor and their physical arrangement.

Biosensors constitute an interdisciplinary field that is currently one of the
most active and attractive areas of research. Using biosensors typically eliminates
the need for sample preparation. The biosensor’s performance is usually evaluated
experimentally, which is based on its sensitivity, limit of detection (LOD), linear
and dynamic ranges of sensing, reproducibility or precision of the response,
selectivity, linear range and its response to interferences [2, 3]. Many other
parameters that are often included in the sensor’s response time (i.e. the time after
adding the analyte for the sensor response to reach 95 % of its final value),
operational and storage stability, ease of use and portability. In an ideal case, the

sensing surface should be re-generable so that it can be used in several
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consecutive measurements. For many clinical, food, environmental, and national
defense applications, the sensor should be capable of continuously monitoring the
analyte on-line. However, disposable, single-use biosensors are satisfactory for
some important applications such as personal blood glucose monitoring by
diabetics [4-6]. The bio-elements and sensing detection principles for various

kinds of biosensors are presented in Figure 1.2.
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Figure 1.2: Scheme showing typical bio-elements and detection principles of
biosensor [1].

1.1.1. Label or non-labelled biosensors

Most biosensors are designed to have a marker or label which is
immobilized to the target site. In the sensing experiments the amount of these
labels detected corresponds to the number of bound target molecules. These labels
can be fluorescent, magnetic or bio-active (reactive) molecules with an easily
detectable product. Redox-active labels are commonly used in various types of

electrochemical biosensors. Along with many advantages, labelling of analytes is
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sometime undesirable for several reasons. It increases the amount of sample
required and its preparation. Addition of a label can also change the binding
properties of the biomolecule. As a result, the yield of the target-label in the
coupling reaction of analyte can be variable [7]. In the case of DNA sensors,
labelling is not an issue because of chemical homogeneity of DNA and ease of
labelling during its amplification. On the other hand labelling is serious problem
for protein targets. Thus, a sandwich assay is mostly used for protein or enzyme
recognition [8]. This type of assay requires two different probes to bind on two
different sites of the target, this yields enhanced selectivity of the system but
limits its use in research. The ELISA (Enzyme-Linked Immuno Sorbent Assay) is

a good example of a sandwich assay [9].

1.1.2. Label-free operation of biosensors

A current major driving force is to develop biosensors that can perform
label-free detection. The reaction between target biomolecule and the bio-
functionalized surface produces the changes in the sample surface electrical
properties (e.g. resistance, capacitance etc.) and detects the existence of only the
target molecule. There is no labelling required for biosensing. The use of a label
offers selectivity and sensitivity but can also greatly change the impedance of the
system. Besides the benefit of sample preparation, label-free operation enables
recognition for real time target-probe binding, which is ability that label-based
systems generally do not possess [10]. There are two advantages in the real-time
sensing, one is time of binding or unbinding of molecules improves its
measurement accuracy and other one is determination of affinity constants of the
sensor, which is very close to the response of surface plasmon resonance (SPR)

[11, 12].



1.1.3. Limitations of label-free biosensor performance

The limits of label-free affinity biosensor performance are mostly due to
the affinity step in the binding reaction. Previous studies claimed that most of the
electrochemical impedance techniques do not have very high sensitivity and their
LOD is often low as compared with optical methods, but others disagree [13, 14].
Label-free biosensors are useful when moderate sensitivity in the sample is
required. However, it is not yet explained and observed that label-free affinity
impedance biosensors can also perform at the same level of sensitivity as of label-

based techniques.
1.2. The electrochemical biosensors: concepts

The electrochemical detection method is used in most of the biosensors
due to its sensitivity, portability and simple handling. The cost effectiveness of the
electrochemical biosensors is another advantage for their use [1, 15]. The
electrochemical techniques can be defined into three main categories of
measurement: current, potential and impedance. To measure the resistance of
chemical reactants in the biosensing system; impedance is commonly used
technique. This type of measurement is not dependent on the reaction volume, so
a very small sample volume can be used for measurement [16, 17]. The lowest
detection limits down to zeptomoles were detected without the conventional
sample preparation [18]. In other words electrochemical detection did not require
any special sample preparation while being used in sensing device [18, 19]. It can
easily be used to do measurements on the samples like colored or whole blood
samples without interference from globules and blood cells [5, 20]. In some type

of immunoassays no separation step is performed to isolate the antibody—antigen



complex from the sample. There is no effect on the electrochemical detection by
sample components (e.g. chromophores or fluorophores) and other types of
foreign material which can interfere with electrochemical detection. Further
subdivision in electrochemical biosensors can be achieved on the basis of their
nature for the recognition of a biological sample and its process of recognition.
The biocatalytic and affinity based detection are two main recognition methods
which are commonly used in sensor devices [15]. There has been lot of attention
in past years on the biocatalytic type of sensing which has mainly been used for
the incorporation of enzymes, cells, tissue and glucose. [21]. On the other hand
affinity based sensors were dependent on the selective binding and interaction
between the analyte. In a biological component such as an antibody, nucleic acid,
affinity based sensing devices were very useful [5, 21]. The surface charge effect
in controlling ionic conductance has also been investigated for its application in

the detection of unlabeled DNA as shown in Figure 1.3 [22, 23].
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Figure 1.3: Schematic representation of the principle for the label-free DNA
detection system using an electrochemical detector [23].



1.2.1. Impedance biosensor

Impedance biosensors mostly provide measurement for the electrical
impedance of an AC state interface with DC bias environments. Impedance
biosensors have one working electrode and one counter electrode to collect the
signals and analyte samples are either attached to one of the electrode surfaces or
in very close contact with both the electrodes (Figure 1.4). Basically impedance is
measured by applying a small voltage of a particular frequency and measuring the
resulting current. This can be done at a range of frequencies. Taking the current-
voltage ratio at each frequency yields an impedance spectrum. This methodology
is known as Electrochemical Impedance Spectroscopy (EIS) [24]. When the target
analytes are captured by the sensing substrate, EIS will show a change in the
impedance value. The impedance measurement does not require any special
reagents or probes to enhance the strength of signals. In other words, it is label-
free detection. Through impedance biosensing a variety of target analytes can be
detected by changing the surface of the substrates for detection. In previous
studies target analytes were used for detection of proteins though impedance
sensing [25, 26]. Impedance biosensing has also been used for the detection of
small biological molecules [27-29]. It has proven useful in monitoring cellular
state with change in environmental conditions of the cells and can monitor the cell
membrane proteins [30-33]. Apart from biosensing, researchers have used EIS in
physical and material science to characterize coatings, track corrosion processes
and to study charge transfer in fuel cells. This type of use of EIS sensing makes it
a technique with wide variety applications [34]. These qualities make EIS
biosensing stand close to the traditional field-effect sensors [35]. In an example of

whole cell detection by EIS, where impedance sensing was used on nanoporous



membranes having poly ethylene glycol (PEG) hydrogel microwells as shown in
Figure 1.4. The PEG was used to make a small area for the cells and electrolytes
were flowing through the nanopores to cancer cells. Two electrodes (working and

counter) were used for the impedance signals [36].
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Figure 1.4: Schematic diagram for impedance sensing using nanoporous
membrane with PEG hydrogel microwell [36].

Several studies have been reported on the affinity based impedance
sensing for biomolecules as well as non-affinity biosensing. The affinity is only
the mechanism of binding the biomolecules and used to identify the bonding of
affinity molecules on the target surface than other foreign molecules in the
reaction. However non-affinity measurements in impedance sensing lack
specificity in the target bonding. Some labelling may be required to identify the
reaction completion and target sample quantification [37-39]. Dielectric
spectroscopy in biosensing has the same limitations as non-affinity biosensing
[40, 41]. The most important question is this: Can impedance biosensors have
potential to solve these limitations of non-affinity and labelling of the analyte
samples. In real-life applications, biological samples typically contain a large

amount of foreign molecules which may challenge the selectivity of the biosensor.



The detailed reviews by Macdonald, Bard and Faulkner on Impedance
technique and electrochemistry are useful in developing the basic understanding
about the impedance sensing [24, 42]. In previous years, protein detection by use
of electrical sensors was reviewed by many authors [43]. There are many articles
which focused on Faradaic and non-Faradaic techniques and also on the
impedance amplification using labels [44-46]. A more recent review of impedance
biosensors presented different approaches, but was broader in scope [47].
Capacitive biosensing has been described in detail and the use of semiconductor
substrates for capacitive type of biosensing is another way to get field-effect
contributions. This type of biosensing is very important in the field of impedance
biosensing [48]. Various electrochemical DNA detection approaches, including
impedance techniques, were reviewed by Gooding and others [49, 50]. Thévenot
has recommended the certain criteria’s for electrical biosensors in his articles [51].
Overall an impedance biosensor is a simple, rapid, label free, low cost detection
method for biological molecules. It also does not require special reagents in most

of its applications and handling [21].

1.2.2. Affinity impedance biosensor: Concepts

The Faradaic type of impedance biosensors mostly monitor changes in the
affinity binding of target molecules in the sensor. The affinity impedance
biosensor has some specific active sites for biomolecules; the analytes have
affinity towards the active site to complete the recognition such as biotin has
strong binding affinity for streptavidin as shown in Figure 1.5. Most of the
reported DNA sensors are based on Faradaic impedance spectroscopy and were

easily able to detect 1 nM of 15mer target [52]. Researchers have published many



papers about DNA matching by use of a Faradic technique [53, 54]. A decrease in
impedance takes place by a small change in concentration of biotin exposed to an
avidin-functionalized gold electrode [55]. This decrease was explained as the
target surface had positive charge but at the same time probe has negative charge,
thus target molecules binding decreased the electrostatic forces for the redox
species. Mirsky et al. presented a non-Faradaic type of biosensing by using anti-
HSA antibodies attached to a tightly packed SAM via a linker and the data was
collected by impedance spectroscopy at 20 Hz [56, 57]. It was observed that the
capacitance changes when probe molecules are immobilized to estimate probe
density and tried to improve response time and reproducibility (10-30 % over
several trials). Although the reported limit of detection is 1 pg/mL. There are
many other research groups who have used low frequency non-Faradaic
measurements to detect DNA [52-54, 58, 59]. The non-Faradaic impedance
measurement for biotin and streptavidin at low frequencies was also been

performed by Lasseter et al. at flat surface substrates [55, 60].
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Figure 1.5: Schematics for affinity impedance biosensing, where NPA surface
modified with streptavidin and biotin molecules are binding on streptavidin.

Other investigators used a flow cell to monitor and introduce controlled

amount of antigen in the system, which was further followed by several buffer
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washes. Although it was been reported that there was large scale non-specific
binding at target surface and can be avoided by washing samples. In recent studies
these results have been confirmed using signal-to-noise ratios at the required
optimal frequency for measurements [57, 61]. Determining the target molecule
binding by signal-to-noise ratio at different frequencies became a powerful
concept but still the reproducibility and non-specific response in measurement is

big disadvantage in the measurements.

1.2.3. Practical issues in impedance biosensors

There were many strategies and models (theoretical) have been explained
by many previous researchers, which explain the reasons behind the change in
impedance upon target binding. An understanding about target binding
mechanism and impedance change will be important to improve biosensor devices
and its sensitivity. It was observed that a label-free measurement can have
significant changes in impedance data if we keep the target surface larger than
used sensing probe [62]. Most of the charged surfaces of the sample either exert
an attractive or repulsive force on the ions near the electrode. This applies for the
Faradaic type of sensors because they have the interaction of redox species and
target probe which reduces the resistance of the system and enhance the
sensitivity of the sensor [63, 64]. This type of non-Faradic effect has been
generally used for self-assembled monolayers (SAMs), DNA sensors, and protein
sensors [65-67]. Sometimes surface charge is also dependent on temperature,
electrolyte pH and other factors which can impact impedance measurements
greatly [68]. The impact of pH and ion generated capacitance in the system can be

controlled by increasing the ionic strength of the solution and generate a high
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electrode potential by the charged ions to the target surface because most of the
time they are pH dependent [69, 70]. In studies it was also noted that abnormal
behaviour of impedance at low frequencies may be the resultant of dipole effects
[71].

It was reported that applying a small voltage between the electrodes can
change the thickness of electrical double layer due to the electrostatic interaction
with the charged target molecules [72]. This has be termed as dielectric
spectroscopy in the field of impedance sensing but not many people put their
attention on it for biosensing [41, 73]. The dielectric impedance spectroscopy was
important in the measurement of bulk solution properties at high range (MHz)
frequencies [74]. The frequencies which are related to the dielectric relaxation
times between free and bound target molecules may give us specific binding
information to understand the change in impedance measurement. In general,
these effects do not have any importance in surface-sensitivity or specificity. So it
was used to study the behaviour of biomolecules or concentration of target

molecules in the sample [39, 75, 76].

1.3. Impedance biosensors designs and electrode surfaces

The surface geometry and area are two major components which are mainly
responsible for the performance of electrochemical biosensors. Most of the time
biological elements were immobilized on the electrode surface, so a larger the
surface increases the number of binding sites for target molecules. The chemical
composition or substrate material and its electrochemical properties are also
considered as most important parameters. Most of the experiments nanoparticles

were largely used to enhance the surface area of the electrode. It also affects the
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sensitivity of the device. Gold nanoparticles are the most commonly used
nanoparticles on the electrode surface for immobilization of antibodies [77]. In
some other strategies the electrochemical deposition of gold was used rather than
using gold nanoparticles [78]. One of the Faradaic EIS studies where allergen
probe was immobilized on an electrode and coated with gold nanoparticles for
detection of antibodies [79]. Some other work using thin films of platinum coated
with an antibody have been used as the probe surface for the sensor [80]. Silver
nanoparticles have also been used in similar approach to detect DNA [81, 82].
Interdigitated electrodes are very important type of methods for electrodes
to be considered. Most of the modified type of electrode surface been used in the
capacitive type of impedance biosensors [27]. They are easy to fabricate by
conventional methods and largely been used for various sensors [83]. The
impedance measurements generally took place between two (identical) electrodes
and have no direct electrical connection. The flow of charge is always made
through the solution. The geometry of the target surface can alter the capacitance

in the system and affect the sensitivity of the device [84, 85].

1.3.1. Impedance biosensors with interdigitated electrodes

In early studies, it was reported that interdigitated electrodes were the most
commonly used electrodes for sensing. The electrodes were covered by target
molecules and work as probes [86, 87]. Interdigitated electrodes were either
coated with gold films or nanoparticles, along with polymer with or without the
receptor for target molecules. The impedimetric sensors for small molecule like
neurotransmitter acetylcholine and a related neurotoxin using protein receptors

isolated from animal tissue has also been reported [27]. F. Lisdat & D. Schafer
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suggested that the recognition element can be immobilized on a single working

electrode to construct an interdigitated electrode (Figure 1.6) [47].
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Figure 1.6: Schemes of impedimetric biosensors using a modified working
electrode as sensor (a) or an in-plane arrangement of two electrodes
(interdigitated electrodes, IDE) (b). Immobilisation of the biocomponent occurs
on the electrode in (a) and between and/or on the electrodes in (b) [47].

In general, interdigitated electrodes in impedance biosensors are either
based on the metal or semiconductor, which were coated with target molecules. In
case of semiconducting material a thin native oxide film is used for making the
connection for the electrodes assuming that field effects is negligible. Researchers
were unable to determine the reason behind changes in impedance measurement
using a silane-antibody coupling on semiconductor substrate but significant
changes were observed in the impedance of a polymer-antibody film when
exposed to alpha-fetoprotein target [88, 89]. It been reported that the platinum

electrodes functionalized with antibody for impedance measurement at low

frequency (1.5 kHz) are a poor sensor but a high detection limit [90].
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1.3.2. Impedance biosensing with nanopores as electrode

In a new strategy, nanopore based impedance biosensing where
biomolecules are present inside the nanopores approaches the direct sensing of

target molecule inside the nanopore [90, 91].

(@ (b)

Figure 1.7: (a) Schematic diagram of the nanopore biosensing device. A voltage
is applied across the electrodes via an external circuit, and the ionic current
flowing through the nanopore is monitored. The presence of an analyte near the
entrance or inside the nanopore causes this current to decrease. (b) Equivalent
circuit for the ionic part of this system. Rs, Ry, and C represent the resistance of
the solution, the resistance of the pore, and the capacitance of the lipid bilayer in
which the nanopore is embedded, respectively. Molecular-scale events at the pore
correspond to temporary changes in the value of R, [92].

As illustrated in Figure 1.7, a nanopore which is opened at both ends is
sandwiched between two reservoirs containing an electrolyte. The voltage
difference is been applied between both reservoirs using two electrodes through
the nanopore, resulting in an ionic current flowing between the two reservoirs.
The nanopore, which is the main resistance in the flow of ions, system magnitude
can be essentially determined by the size of the nanopore. Any change in the size
of the nanopore or other obstacles will affect the flow of ions through the

nanopore, which results in change in the current. The researcher defined that if the

pore size is in nano dimensions then it can be comparable to the size of molecule
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present in the system. Any passage of molecules through that nano hole can be
detected by the sensing device. Such type of detection where molecules are driven
through the pore and biosensing through nanopores is called as nanofluidic

biosensing [91].

1.4. Impedance biosensing by nanopores and nanofluidics

The study of fluid in nanoscale objects or its flow/application in nano
dimensions known as nanofluidics [93]. The term “nanofluidics” its most
commonly used in field of membrane science and colloid science. The recent
developments of tools which are capable of manipulation and fabrication (ion
beam, e-beam lithography, etc.) at the nanoscale make it possible to work in field
of nanofluidics [94]. The structure of the nanopore and the target molecules in or
outside it has to be taken into account to understand transport mechanism as well
as the binding of molecules inside the nanopores. The nanoporous membranes
have always been of interest for researchers to use its exceptional properties for
biosensing platform due to high surface area in nano dimensions. There are many
studies reported which uses the porous alumina membranes as a platform
substrate in biosensing [95]. In some of the studies nanopores were open at one or
both ends, e.g. an immune-sensor developed in porous membrane where one end
of the nanopore works as an electrode for virus antibody detection (Figure 1.8)
[95]. The electrical impedance biosensors in nanofluidics are not very well
explored yet due to the lack of technologies for fabrication as well as the
characterization of nanofludic devices. This nascent interdisciplinary field of
impedimetric nanofluidic biosensing includes a combination of different major

fields such as biology, electrochemistry, chemistry, and physics [21, 96].
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Figure 1.8: Schematics of the porous alumina nano-biosensor for Denv2 virus
detection by specific binding to immunoglobulin G antibody 3H5 positioned along
the walls of the alumina nanochannels. The equivalent circuit model is inserted
[95].

Nanoporous alumina (NPA) based DNA biosensor was presented by Chee
Seng Toh et al. which uses thermo-stated complementary target solution at 45 °C.
In this biosensor the target molecules were rinsed with DI water to remove target
molecules which were not bonded with target DNA molecule. The
electrochemical measurements were taken at room temperature (Figure 1.9). This
immobilization and hybridization of DNA molecules inside NPA pores led to a
significant decrease in resistance measured by EIS on a control sample which has
no modification on surfaces. In another approach, Wang et al. detected DNA
hybridization using a dynamic polymerase-extending method. In which a
combined cyclic voltammetry and EIS measurement was carried out on NPA
membranes. The immobilization of single stranded DNA molecules as a
recognition element for detection of hybridized DNA molecules on APTES-
glutaraldehyde functionalized NPA surface by research group of Takmakov et al.
[98, 99]. Nanofluidic membranes have been used as a bridge substrate between

multilayered microfluidic channels by Kuo et al. [100].
17
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Figure 1.9: Scheme of construction and operation for nanoporous alumina
membrane based electrochemical label free DNA biosensor [97].

The research group of Pu et al. worked on the controlled transfer of
analytes in between two microfluidic channel and observed concentration
enhancement in one side of reservoir when a high voltage was applied across a
nanofluidic channel [101]. Merkoci et al. presented a nanochannel/nanoparticle-
Based direct detection and filtering platform for cancer biomarker in blood. A
protein sensing technology using an NPA platform in which cells present in the
sample remain at the outer surface of the pores and proteins are recognized by
specific antibodies. The sensing principle works to detect specific proteins in the
sample by using AuNP tags [102]. The fabrication of gold nanotube membranes
by electro-deposition of gold on commercially available polycarbonate
membranes has also been investigated using various approaches which can control

the nanopore size up to 0.8 nm [103, 104]. The investigators recognized the
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method as an attractive approach for biosensing where alumina membranes were
used as nanofluidic channels and antibodies specific to a drug molecule can be

easily load inside alumina template membranes [105].

Fe'e

Figure 1.10: A protein sensing technology using an NPA. The cells in the sample
remain outside the pores and the proteins enter inside and are recognized by
specific antibodies. Sensing principle in the absence (a) and presence (b) of the
specific protein in the sample and in the case of the sandwich assay using AuNP
tags (c) [102].

These membranes have the properties of ionic selectivity which could be
controlled either by chemically controlling the surface charge or a small potential
can be applied with respect to the electrolyte solution. These properties of alumina
membranes can be used as molecular filters [106]. This property has already been
investigated by some research groups for single molecule detection and field-
effect control [107-109]. NPA with nanofluidic channels with controlled geometry

were fabricated using electrochemical techniques which will be discussed later in

this thesis.
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Table 1 summarizes selected label-free affinity impedance biosensors

published in recent literature utilizing porous alumina and other types of nano

channels:
Nanopore/ | Single | Material/fabri | Detectio | Analyte | Ref.
Nanochannel |/ cation n
array
biological ion | Single | a-hemolysin Electrical | Proteins | 50,57,
channel nanopore sensing enzyme | 59,60,
S 61,62,64
Peptides
Array electrical | DNA 74
sensing
solid-state Single | SIN-SIiO; Electrical | DNA 185-189,
nanochannel membranes sensing Proteins | 191, 192,
197, 198
Porous Electrical | DNA 79, 190 183,
alumina/ sensing Proteins | 199-205
Polymeric
membranes
Glass Electrical | ions 206-208
nanopore sensing
Array | Porous Electrical | Proteins | 209-212
alumina electrode | DNA 214-216
membranes
Porous silicon | Optical Proteins | 130, 226,
228

Table 1.1: Summary of the various nanopores/nanochannels based affinity
biosensors and their applications.

1.5. Fabrication of nanoporous alumina (NPA)

1.5.1. Basic concept of NPA

NPA with controlled dimensions and geometry of nanopore can be
fabricated using electrochemical techniques [110, 111]. This fabrication technique
consists of alumina oxide nanopore array generation on aluminum. The
anodization of aluminum took place in an electrolytic solution by applying a

voltage or current. The oxide of aluminum is generated with surface irregularities
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or defects due to irregular electric field concentration over the surface of
aluminum during anodization. In the anodization process, the applied electric field
started the acidic dissolution of the oxide at the bottom of the pores and leaving
nanopore walls intact, which results in fabrication of nano dimensional channels.
The oxide layer produced at the bottom of the nanopore can be removed by
chemical etching to achieve free standing membrane with both ends open.
Masuda's group established a two-step anodization process for fabricating self-
ordered NPA templates [112]. These nanoporous alumina membranes have a very
high pore density and controlled pore diameters. This kind of substrate with high

surface area can be used in biosensing [113].

The structure of NPA has been described by many research groups as a
close-packed hexagonal array of cylindrical nanopores (Figure 1.11). The
morphology, diameter, inter-pore distance, wall thickness, length and barrier layer
thickness are the most important parts of the nanopore to characterize and can be
controlled by tuning anodization conditions. The nanopore structures range from
about 20 - 300 nm in diameter, 50 - 400 nm for inter-pore distance and thickness
of the porous layer from 10 nm to 150 um. The density from 10° to 10** cm™ and
porosity from 5 to 50 % can be controlled [114-116]. Over the long period of
research on Al anodization it was observed that the applied potential, electrolyte,
electrolyte concentration, temperature and pre-patterning of the surface have
crucial roles in achieving control over the self-ordering process and NPA
structures [112, 117-119]. The porosity (P) of the NPA can be estimated assuming

an ideal hexagonal arrangement of the pores;

= () (2
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Where D, and Diyx are pore diameter and the inter-pore distance
respectively [112]. A typical cross-sectional structure of the prepared NPA is
shown in Figure 1.11. There are three different electrolytes which are commonly
used for anodization of Al. They are sulfuric, oxalic and phosphoric acids [120].
Each of these electrolytes gives the different anodization rate (pore diameter,
length) under controlled conditions. The anodization conditions can be classified
in two major subdivisions one is conventional anodization conditions, which is
sometimes called as ‘mild’ anodization (MA) and the other one is fast anodization
or hard anodization (HA). The ordered alumina nanopore array can be obtained
with both types of anodization. The use of different electrolytes will have
different impacts on anodization of Al. For sulphuric acid, the electrolyte
anodization condition is optimal at 25 V to achieve an inter-pore distance (Djnt) =
63 nm. For oxalic acid at 40 V, it is Djy; = 100 nm. For phosphoric acid at 195 V,
it is very high (Dint = 500 nm). In other studies researchers has used other acids
such as chromic, boric, citric and tartaric acid, but pore ordering and growth in

comparison with the three commonly used electrolytes are not good [117, 121].

Pore Interpore
diameter distance
Porous
oxide layer
‘|

Figure 1.11: (a) Schematic drawing of NPA structure prepared by
electrochemical anodization of Al. (b) Summary of self-ordering voltage and
corresponding inter-pore distance of NPA produced within three well-known
regimes of electrolytes (sulfuric, oxalic and phosphoric) [121].
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The first generated porous layer after first anodization step was removed
by use of oxide removing chemicals. This provides a pre-structured Al surface
and facilitates the propagation of pores in the following anodization step. The
difficulty in this process is slow fabrication of alumina membrane. Hard
anodization has been presented by the Gosele group to solve this problem [122].
By this method the anodization rate is considerably higher compare to MA. The
HA has been used in all the conditions and electrolytes and provides more control
on nanopore characterization parameters such as pore diameters and inter-pore

distance [123-125].

1.5.2. Self-ordering electrochemistry for nanopore formation

The self-ordering process of nanopores is mainly influenced by the type of
electrolyte used; its concentration, pH, temperature, applied voltage and current.
The nanotube morphology has been demonstrated by many previous research
groups by changing these anodization parameters [126, 127]. At the start of the
anodization process under controlled and constant voltage conditions, the metal
surface has an oxide layer, as shown in Figure 1.12. Once this oxide layer forms
on the metal surface, the current density drops (Step I). The distribution of the
electric field is strongly dependent on the homogeneity and surface irregularity of
the oxide layer, which generates a local electric field on the surface of oxide—
electrolyte interface (Step I1). The electric field assisted oxidation and dissolution
takes place and localized pore like structures are formed and start further growth
of pores (Step Il1). The pore growth is not uniform at this stage, but it leads to
uniformity in structure with long period of anodization [128]. The long
anodization time create a competition between oxide growth at the bottom of the

pore and oxide dissolution at the barrier layer interfaces of nanopore. At the end
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the pore growth, a stable and uniformly distributed pore array is formed (Step V).
Researchers are still not certain of the mechanism behind the pore growth and its
generation but most of the researchers accepted that, “the driving force for the
self-ordering process can be attributed to a stress driven interface caused by the

repulsive forces between neighboring pores that lead to ideal self-organization”

[129-131].
b Power supply o
(V) |
AVE :
! Electrolyte @
MO 2+Y2- 10 +
Anode Cathode | MO%/0H |
B
2 E
X
(o)
MO
Electrolyte
MO = M2* + 2¢
C. M2+ H,0/0H— M(OH),— MO,
-
O
<
£, v
2
s 1l =
“ Il v E
4
5
o

Anodization time (min)

Figure 1.12: Schematic diagram of the self-ordering process of pore formation by
electrochemical anodization including electrochemical cell set-up and typical
current density curve of electrochemical anodization. Stages of pore growth: (I)
formation of oxide layer; (II) formation of pits by local electric field
heterogeneities; (I11) initial pore formation; (IV) pore growth under steady-state
conditions [126].
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1.5.3. Challenges with nanopores for biosensing applications

The understanding of physical and chemical interaction for the molecules
and ions inside these nanopores is driving the development of new kinds of nano-
scale biosensing devices. Previous studies have shown that transportation or bio-
functionalization of molecules inside nanopores is mostly affected by the steric
and electrostatic effects. This is a long-range effect which caused by interaction of
the surface immobilized molecules and ions involved in transportation. This
transport of ions is dependent on the pore size and number of pores. It can be
modulated by altering the surface charge of nanopore or ionic strength of the
electrolyte.

This thesis presents the fabrication of NPA with nanopore arrays of highly
ordered pore structures with controlled pore dimensions and its application as the
electrochemical impedance sensing platform for the detection of biomolecules.
Development of nanochannel or nanopore array biosensing devices has proven to
be an excellent approach toward the development of simple, inexpensive and
highly sensitive biomolecule detection. The sensitivity, low cost, simplicity, and
easy miniaturization of electrochemical detection is particularly suited to the
development of highly sensitive nanopore based biosensor. However, to improve
and optimize the performance of nanopore biosensors, it is essential to understand
the electrical and electrochemical properties of the nanopores. The dependence of
these properties is on nanopore dimensions, diffusion and molecular transport of
analyte molecules inside the nanopores and their physical and chemical
interactions. In particular, their interactions and specific binding with the
immobilized probe confined in a nanoscale volume are critical parameters which

determine the performance of biosensing devices, e.g. sensitivity, response time

25



and detection limit. Surprisingly there are only few electrochemical studies on

nanopores that address these questions.

1.6. Challenges in fabrication of an integrated NPA nanofluidic

device

Fabrication of nanofluidic channels in the 10-100 nm diameter range can
be achieved using sophisticated micro-fabrication techniques. It is known that
majority of current nanofluidic research for their use in bioengineering and
biotechnology applications. This thesis covers some of the significant progress in
fabrication of nanofluidic devices, and methods for fabricating such devices [132-
136]. The fabrication can be divided into two categories. First category includes
top-down methods which start with patterns already in use and reduce their lateral
dimensions to form nanostructures. Second category includes bottom-up methods
which begin with one or two atoms or molecules to build up entire nanostructures
[137]. The commonly used 2D nanochannels can be defined as nanochannels
which have their dimensions in the nanometer range. These are mostly fabricated
using of deep reactive ion etching (DRIE), electron-beam lithography (EBL) and
focused ion beam (FIB) lithography [138, 139]. Previous researchers developed a
nanofluidic separation device for DNA molecules which works on the size of
DNA [140-143]. In biomedical diagnostics the major issue is target molecules
which are generally not concentrated enough in sample solutions, e.g. in blood,
saliva or urine, for direct detection. This is an important obstacle in protein
biosensing on a nanofluidic device. This concentration issue of protein detection
was also demonstrated using porous silica membranes [144, 145]. A device
containing functionalized micro-tubules in nanofluidic device has also been

reported, which contains highly concentrated target molecules to reduce the
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analysis time and foreign molecule binding effects [146]. Several strategies were
reported to create integrated circuits to perform the impedance measurements. The
implementation of this technique on a nanofluidic device shows significant
changes in biosensing capabilities [147, 148]. In most of these studies, scientists
used very high concentrations of target molecules but the reproducibility in the
system was very poor. An integrated electrochemical sensor with electrochemical
bio-molecular detection has been offered recently [149, 150]. In this thesis,
implementation of impedance spectroscopy measurement on a nanoporous
alumina surface in a nanofluidic device will be examined, to address some of

these limitations.

1.7. Objectives and aims

Impedance biosensors are traditionally used as a single functionalized
electrode which required a large substrate surface. Reducing the size and cost of
the measurement system enables new applications. On the other hand the
semiconductor technology creates compact and inexpensive biosensors. CMOS
biosensor arrays have recently been used to detect labelled biomolecules by
electrical method [147, 151, 152], optical method [153] and magnetic detection
method [154, 155]. Label-free impedance biosensors reduced the extra cost and
complexity of using labels but to date a completely integrated impedance
biosensor analyser has not been demonstrated in this field. Qualitative methods,
such as the use of biomarkers, staining, and western blotting analysis are used for
detection. These methods are time consuming and labor intensive. Impedance
spectroscopy in quantitative measurements can be used to refine or design

qualitative device for day to day use.
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The principal goal of this work is to demonstrate an integrated nanoporous
array for impedance biosensing application. The successful development of the
integrated nanofluidic impedance biosensor will provide a means to use of
nanopore substrate as an electrically detecting device for various biological
molecules (antibody, enzyme, protein etc.) and quantify their presence in solution.
Impedance measurements can also aid in obtaining fundamental information
about cellular responses and behaviors. Therefore, this work aims to address these
problems through porous alumina nanopore fabrication and nanofluidic device
design optimization, designing multi-electrode devices, and automating data
collection and analysis for large data sets.

Through the fabrication of a nanofluidic substrate and an impedance
measurement system, the dependence of the electrode-solution interface
impedance will be investigated and demonstrated changes can be used to interpret
analyte capture at a functionalized surface. This thesis will describe new label free
nanofluidic impedance biosensing. This would provide a means to explore the
feasibility of electrically characterization with greater accuracy and enhanced
sensitivity. The specific objectives include:

1. Investigate the effect of geometry (diameter and length) of NPA as a
biosensing substrate on bio-impedance measurements.

2. Explore FIB methods to make precise (size/number) of nanopore to
enhance the EIS measurement and sensitivity for development of
optimized impedance microchip device.

3. Fabrication of nanofluidic device on quartz using FIB milling approach for

application of single cell detection and manipulation.
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4. Application of nanopore substrate for growth and separation of bacterial

nanowires.

1.7.1. Thesis organization

Chapter 2 provides details about the experimental techniques used in this
work including anodization of NPA, impedance spectroscopy, FIB and
photolithography for fabrication of nanofluidic chip.

Chapter 3 describes the fabrication of NPA membranes by use of
electrochemical anodization. To make it more specific and provide a precise area
for biosensing, photolithographic patterning is done to achieve small 20 x 20 um?
area for further biosensing applications. The nanofluidic alumina array was used
to define the properties of nanopores and effect on impedance measurement due to
the change in their morphology. The studies of morphological effects help us to
understand their biosensing abilities. Measurements using NaCl with nanoporous
membrane was applied to confirm that changes in surface impedance correspond
to the structure of the sample surface.

Chapter 4 explains the measurements using a four electrode measurement
system and revealed target binding change inside the nanopores. A small change
in the concentration of target molecule inside the nanofluidic nanopores was
detected by impedance measurement over the range of frequencies. Surface
modification inside the nanopores was successfully achieved by use of plasma
cleaning step, which removed the excess amount of binding site from the sample
surface. This label free biosensing on the small area of nanopore array was

achieved.
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For further improvement in the biosensing performance of the nanopore
array and to achieve precise single nanopore biosensing we used focused ion
beam milling on an alumina nanopore array as described in Chapter 5. The
focused ion beam technology provides the ability to remove the barrier layer
precisely leaving a few (2-3) nanopores available on sample surface. In focused
ion beam milling patterns were made to compare the effect of change number of
nanopores on their biosensing ability. It was found that reducing the number of
nanopore enhances the impedance sensing ability with a limited number of pores.
A large number of nanopores in an array are affected by the bulk properties of the
solution and the sample morphology.

Chapter 6 describes the newly designed and implemented two and four
electrode device which includes nanopore array fabrication, surface chemistry,
measurement and data processing. First the operational impedance system for two
electrodes and four electrodes which is the impedance-measuring circuit is
discussed and the potential impact of reducing the device size is explored. The
second half of the chapter explains the concept and advantages and disadvantages
of two electrode and multi electrode systems and summarizes the measured
performance of both the systems.

Chapter 7 describes the photolithographic fabrication of nanofluidic chip
on quartz and fabrication of nanofluidic channel by use of focused ion beam
technology. The fabricated nanofluidic chip had a nanofluidic channel connecting
two micro channels. The application of this nanofluidic chip for the DNA
extraction form cells is demonstrated.

Chapter 8 describes the application of nanoporous alumina membrane for

the growth of conductive bacterial nanowires and their separation form the
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bacterial cell for application in making electrodes. This type of growth of
microbial bacteria is also used in the microbial fuel cells. NPA was used as the
anode connecting channel for bacteria to donate electrons in the system, which
forces them to grow their flagella through the nanochannels. Those grown
flagella’s are worked as the nanowires.

Chapter 9 concludes by summarizing both the contributions and
achievement in this work. The concluding points for major outcomes by use of
NPA and its use in the impedance biosensing. It also provides information for

further improvements in this area and aspects for future research.
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2.1 Electrochemical Impedance spectroscopy: practical

considerations

The ratio between the changes in voltage to its resulting incremental
variation in current can be defined as impedance. It is also termed as the
reciprocal slope of the current and voltage (I-V) curve. It can be defined
mathematically in an equation, if applied voltage (V) and current is written as:

V =tV Sin(mt) (2.1)

I = Ipc +Hlac Sin(wt =) (2.2)
The impedance can be defined as Z(w) and has magnitude of VAc/Iac and phase
angle (¢) as defined in Eg-1. Impedance also depends on both applied (V) and the
frequency (o) of measurement. Impedance spectroscopy is not the measurement
at one frequency but the repeating measurement process at different frequencies
which generate a combined impedance Z(w). The applied voltage in EIS
measurements is small and it causes imaginary impedances in the system (through
the solution) and work in parallel in the impedance measurement. The applied
frequencies are important in the measurement as the electrode to electrolyte
interface is strongly dependent on  rather than the applied voltage [1].

However, while taking the impedance measurements on the biosensing
device the applied voltage V should be small. There are many reasons explained
previously by the investigators. Sometime current and voltage relationship in the
system shows linear response for a small region [2, 3]. When impedance signal is
based on the change in the V then the impedance of that system cannot be defined
uniquely. In case of Faradaic measurements it is been defined in Section 2.1.2 of

this chapter, always show nonlinearity because the electron transfer generally
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depends on the oxidation on the sample surface and applied potential [4, 5]. The
sample surface is another reason for not applying very high V because it is not
good idea to create any changes on the sample surface due to high voltage. In
some of the surface modification target molecules are covalent bonded on the
surface and the covalent bonding energies in order of 1-3 eV or much less than
the applied voltages, which can generate a force on charged molecules in the
system. It also applies to the electrode-solution interface. To perform a good
electrochemical measurement on the sample it is always important to keep in
account that bio-molecular sensing layer is not damaged or disturbed. This is an
important advantage of impedance spectroscopy over voltammetry or

amperometry methods [6-8].
2.1.1. Instrumentation and electrodes used in this work

A minimum of two electrodes are required to measure the impedance of
any electrolyte solution or sample. Many researchers also used three or more
electrodes to avoid signal to noise ratio while measurement. Usually bio-
functionalized electrode is the working electrode or electrode with the molecules
of interest. The current is always measured at the working electrode. The
electrical contact is generally made by the electrolyte solution in between the two
electrodes (working and counter). Most of the investigators used a reference
electrode for the reproducible electrical signal between electrode and electrolyte
solution. Silver-silver chloride electrodes are the most common type of reference
electrodes used in such type of measurements because built-in potential of the
Ag/AgClI interface is almost constant and not make any further interruption in
signal [9, 10]. In the impedance measurement it is important to keep in mind that

the counter electrode should have higher surface area than the working electrode
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so that it can easily supply the required current. The integration of counter and
reference electrodes is possible if reference electrode is capable of supplying
required current through it in the system [11]. If we combine the electrodes the 3-
electrode measurement can be a 2-electrode measurement. In this case, the
combined impedance of both electrodes and solution is measured, but in a 3 or 4
electrode impedance measurements only the impedance between the working
electrode and reference electrode been measured. In this work the Inphaze
impedance spectroscope is been used, developed and provided by Australian

company Inphaze Pyt. Ltd. (Figure 2.1).
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Figure 2.1: (a) Inphaze impedance spectroscope (b) four electrode cell designed
for impedance measurement.

Impedance spectroscopy is a complete circuit that applies voltage between
the solution and electrode and at the same time it measures the current flowing
between electrodes. The working electrode is just to provide connection for the
impedance amplifier system and the applied voltage across the electrode-
electrolyte measures the resulting current in the system as response of impedance

data. It works as a simple potentiostat, which is used to measure AC impedance
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over a range of frequencies from 1072 - 10° Hz. Computer controlled software of

EIS analyser provides digital signals for further processing of generated data.

2.1.2. Faradaic vs. non-Faradaic impedance biosensing

In a real system of electrode-solution interfaces there exists both Faradaic
and non-Faradaic components at same time; however impedance spectroscopy
only represents them one at a time. A non-Faradaic interface is available if the
measurement changes are due to capacitance in the system and Faradaic interface
if measurement is based on resistance. It is essential to distinguish between non-
Faradaic and Faradaic type of biosensors, if sensing is dependent on the
impedance. The Faradaic process can be termed as one process where charge is
transported across an interface in form of an electron transfer in between, either
from the electrode to an ion solution or from solution to electrodes. In case of
Faradaic process a redox probe is used to oxidize and reduce one of the electrodes
by the transfer of an electron from the surface of metal electrode. In the case of
Faradaic EIS, it requires a redox-active species rather than the marker reagent
which are required for non-Faradaic impedance spectroscopy. The non-Faradaic
types of measurements are more useful for point-of-care applications and easy for
commercial use. Capacitive biosensors always work as non-Faradaic sensors

which are capable of taking measurements at a single point of frequency.

2.1.3. Modeling and EIS Data fitting

The impedance data can be interpreted in many different ways on the basis
of their measured impedance spectrum which can be used to extract values of
capacitance and resistance without any particular defined model [6, 12]. In Figure

2.2 a typical circuit model shows the equivalent circuit for impedance data, and
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Figure 2.3 shows an example of impedance data after modelling. It is not always
an exact equivalent circuit for the impedance data, even though sometimes the
best models for the system does not fit measurements for some points of

frequency and require other fitting parameters.

Rsol

RIeal-(

Figure 2.2: Typical circuit model used for the impedance measurements.

The raw data of the impedance measurement is used to extract the graph
by fitting with the equivalent circuit model. The sensing signal of the system
depends on the changes in a particular model element. The fitting of the
impedance data some time incorporate both magnitude and phase angle of the
measurement in the fitting, which is done mostly by the instrument inbuilt
software. In previous studies many researchers had interpreted the data according
to their own way, there is not any particular guide line for interpretation of
impedance spectra, it is sometimes more art than science [13]. There are two
common ways of representing the impedance data either impedance data as
magnitude/phase plots vs. frequency (e.g. Figure 2.3b) or Nyquist plots in which
the impedance values are plotted as a complex of impedance and phase angle and
each data point represent the impedance at a different frequency (Figure 2.3a)
[14]. In an equivalent circuit the circuit elements and actual system processes is
often experimental and different from any other physical effects into a single

model element [14]. If the solution resistance is written as (Rsoi), which represent
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the ions of bulk solution and is responsible for the applied voltage in the system

not affected by any target binding molecules.
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Figure 2.3: (a) An example of typical Nyquist plots generated by the simulation of
impedance data either non-Faradaic or Faradaic. (b) Plot of Impedance /Z/ with
frequency.

The generated capacitance by applying voltage between the ions in
solution and metal electrodes can be modelled by use of equivalent circuit as
capacitance, ionic double layer capacitance and surface modification. The sensor
geometry and solution conductivity is key point in the measurement. The
prediction of solution resistance which is calculable from diffusion coefficients of
constituent ions and these calculated values are treated as a fitting parameter in
modelling. The ionic double layer capacitance generated from the electrostatic
attraction of ions in solution to a charged electrode. The surface capacitance
(Csurf) is often modelled by a constant phase element (CPE) rather than a real
system capacitance. The surface resistive path (Rleak) has also been modelled
along with the surface capacitance for non-Faradaic sensors. Although Rieak is
theoretically infinite if no redox species are present. In Faradaic type of EIS the
Warburg impedance (Zw) is only of physical significance in the system. The

charge transfer resistance, Rct, encodes the resistance corresponding to the
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electron transfer between electrode and the relevant redox species. Its value is an
expression of energy potential which is directly related with the oxidation or
reduction happened on the electrode surface. There are two types of circuit
elements used to indicate affinity binding of target molecules in impedance
biosensors are surface capacitance for non-Faradaic biosensors and charge

transfer resistance in case of Faradaic biosensors.

2.1.4. Constant phase element (CPE)

It’s been observed that the impedance measurement for solid electrodes
are usually differs from its real capacitive behaviour. The actual behaviour is

modelled as a CPE which is given as:

1
ZCPE = EmA (23)

A is analogous to a capacitance and (o) is expressed as frequency in rad/sec, and
m is the so-called constant phase element (CPE) parameter. A CPE can be thought
of as a frequency-dependent resistor against a pure capacitor and can be modelled
as a network of resistors and capacitors over a range of frequencies. CPE for solid
electrodes can be explained mathematically by modelling the experimental values
as dispersion in capacitance values. The surface roughness at microscopic level
can cause CPE effect, but some researchers suggested that a small change in ion
adsorption or alteration in chemical concentration can make big changes [15]. A
recent article summarizes these effects and demonstrates that the composite
electrode impedance can have a CPE character even if the localized impedance is
strictly capacitive [16]. Most of the solid electrodes are probable to have a certain
level of CPE behaviour, and thus modelling of electrode-solution interface can
help in reducing this effect.
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2.1.5. Double-layer capacitance in EIS

When a charged surface is in contact with an electrolyte, it attracts ions of
opposite polarity. This attractive tendency is opposed by the randomized thermal
motion of the ions, resulting in a build-up of ions with opposite charge near the
surface. This local charge imbalance prevents the electric field emanating from
the charged surface from penetrating very far into solution. The characteristic
length of this spatial decay of the electric field is called as Debye length. It was
observed that the locally-enhanced population of ions acts like second plate of a

capacitor, and the charge-voltage ratio is termed as double layer capacitance.

2.1.6. Biosensor response and time curves

The response curve in affinity biosensor arises from two separate relations
of sensor output and the sample target concentration. One of it is related to the
affinity step of target molecules, which leads towards the sample surface coverage
in bulk target concentration and other one is resembles to the final impedance. Till
now most of literature has predicted the change in impedance as AZ. It is expected
that the sensor output is related to the concentration of target molecules. It has
been observed that the response curve is logarithmic in Target concentration until
saturation [17]. The Langmuir isotherm was also been used to get good fits of
experimental data into the model circuit [18, 19]. There is always a question about
the binding of target molecules whether is it controlled kinetically or it achieves
the equilibrium in the reaction. The understanding of this binding nature of the
target molecules can improve the sensing capacity of affinity biosensors. After
long period of research still there is no standard method to determine response
curves for biosensors [20]. It is expected that there might be some methods which
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may introduce some variation in sensing by regenerating the layer of probe
molecule in the system. These types of methods of regeneration are expected to
represent biosensor in the day to day life [21].

The time scale of response is approximately given by the square of the
Debye length divided by the diffusion constant of the ions. For ions with D =
2x10® cm?/sec and Debye length of 1 nm, the time scale is about 0.5 ns,
corresponding to RF frequencies. These time scales can be significantly longer
and depend on the thickness of the Stern layer, electrode geometry, and electrode
spacing. However, for frequencies of interest in impedance biosensors it is safe to
assume that the ionic double layer responds instantaneously to the applied voltage

[22].

2.1.7. Scaling electrode size

The size of the electrode directly impacts on the magnitude of measured
impedance, and it should be chosen with extra care. While measuring over range
of frequencies generated data which is more reliable and useful. It is also
important to have frequency range accordingly. Sometime measurements at higher
frequencies are good as there is very less chances to be effected by the drift and
noise during measurements, but on other hand it also complicates the measured
data and increase the chances of errors from other parasitic capacitances and
inductances. It is not yet defined about the biomolecules whether they are
frequency dependent or not [23]. There are some contradiction in the
measurements in impedance as investigators reported unexplained impedance drift
at frequency range 100 Hz or lower but at same time other investigators did their

measurements successfully. The capacitive impedance can be altered by making
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change in the electrode area or insulator thickness at higher frequencies. The
impedance can also be altered by making variation in the concentration of the
electrolyte, such as salt concentration increases the Rsol decreases. This mainly
affects measurements taking place at high frequencies. So reducing the size of the
biosensor may more likely shift impedance curve towards the high frequency
measurement. However, it will also affect the surface capacitance over the
frequencies

Madou et al, described a concept of biosensor miniaturization and scaling
up other various kinds of electrical and impedance biosensors [23]. There is
another important thing to keep in mind while reducing size of biosensors that, it
also reduces the surface area for probe molecules and number of sites for target
molecules to bind. It is always expected that target binding remain constant in
measurements otherwise it will be very difficult to measure the changes which are
dependent on the signal to noise ratio or impedance drift [24]. Also, decreasing
the number of probes will increase the stochastic noise of probe-target binding.
However, small geometries may be beneficial for reducing diffusion times and
increasing the density of multiplexed biosensors [25]. This lack of knowledge

currently inhibits the identification of optimum parameters for sensor design.

2.2. Focused lon Beam (FIB)

2.2.1. Principle of FIB system

A FIB system is consist of an ion source, ion optics, a sample stage and a
vacuum chamber with high power turbo motor to generate high end vacuum
(Figure 2.4) [26]. A FIB system is similar to the SEM as both of these instruments

are based on a focused electron beam for imaging and an ion beam for the FIB
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fabrications. The operating ion beam in FIB is based on liquid metal ion source
(LMIS) of gallium (Ga") which is positioned in close contact with Tungsten (W)
needle. When an electric field of (>10% VV/cm) is applied the Ga™ started to get in
liquid the needle and flows towards the tip (5-10 nm) of the needle. The use of
Ga' has several advantages: (i) Ga* low melting point so it almost in the liquid
state lose to room temperature (ii) it can also be forced to flow through very small

pore size in nano dimension.

‘A

Figure 2.4: Schematic illustration of a dual-beam FIB-SEM instrument.
Expanded view shows the electron and ion beam sample interaction [26].

The accelerating voltage for FIB generally lies between 5 to 50 keV. The
controlling of the electrostatic lenses and adjusting its effective aperture sizes, the
ion current density can be changed from some pA to the several nA. The ion of
the beam collides with the surface atoms and transfers its energy to the surface
electrons. The physical effect due to this collision of ions are known as sputtering
of ionized atoms from substrates surface which lead to the substrate milling, the
electrons which are emitted as secondary electrons provide the imaging of surface
and also make sample charged. In the presence of gases chemical interactions
between the surface and breaking of their chemical bonds helps in the deposition
process of ion milling.
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2.2.2. The FIB instrument description

FIB (FEI Helios NanoLab) have a high vacuum system, a chamber with
sample stage, LMIS source, neutral or reactive gas jet and a computer to run the
complete instrument [27]. The configuration is similar to an SEM and the only
difference is the use of a gallium ion (Ga") beam rather than normal ion source.
The operating extraction current is 2 pA and extraction voltage is up to 7000 V.
The sample stage is a motorized stage inside the vacuum chamber. The chamber is
divided in two parts with the valve, one is beam line chamber and other one is
working chamber for sample loading and unloading. Under normal operating

conditions chamber vacuum is up to 10" mbar.
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Table: 2.1: Classification of FIB parameters [27].
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To maintain the vacuum inside the beam chamber the valve gets closed
while loading or unloading the sample. The ion source column is separated with
one pump to create high vacuum. Most of FIB systems can deliver a variety of
gases in working stage to help milling of the sample surface. The gas containers
are directly connected to a gas jet which is available inside the chamber. Most of
the gases are used for fast and selective etching on the sample surface, as well as
for the deposition of metal [27]. There are number of parameters responsible for
efficiency and structural stability, investigated by many authors, as shown in

Table 2.1.

2.2.3. Imaging, milling and deposition by FIB

The FIB is used to scan over a substrate, and secondary electrons are
generated form the surface of the sample and used for imaging purpose (Figure
2.5a) [28]. The detector for collecting secondary ion scan is positive or negative
depending on the sample surface. These secondary electrons are also used in the
secondary ion mass spectroscopy (SIMS). In FIB imaging small amount of Ga*
ions collision with sample surface leads to the huge numbers of secondary
electrons to leave the sample surface which helps to generate a high resolution
image. The resolution of images also depends on the spot size of the ion beam
which is generally below 10 nm. The removal of sample material and making
patterns and structures can be achieved by using a high current ion beam. The
result of high current FIB is that the high mass atoms of material come out and
leave empty space at the site as shown in schematic Figure 2.5 b. By scanning
over the sample in a particular manner it is possible to produce any type of shape

or structure in surface. The angle of incidence ion beam is very important in
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sputtering yield. The angle of ion beam increases by 1/ cos (6 ), where 0 is the

angle of incidence beam and ion beam direction [28].

Ga* lon beam

A
(A) Secondary
electron detector
. Secondary
o« * electron coming
Substrate  “ .4 ® ¢ outfrom substrate
o K
Ga* lon beam
(B)
o = %o : .
Substrate * . *° Sputtered material
e, * from substrate
Ga* lon beam
C
(C) Gas Nozzle
Volatile reaction
% products
Precursor .: o -

molecules * .

Substrate
Deposited film

Figure 2.5: Principle of FIB (a) imaging, (b) milling and (c) deposition [28].
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At the end of the milling process an insulator will appear dark in the SEM
image than a conductor because conductor loses secondary electrons readily. The
resolution of imaging during the milling process only few nanometers with aspect
ratio of the milled holes is up to 10-20 nm. The etching gas can be useful to
increase the rate of milling or selectivity of ion beam towards materials by
chemical removal of reaction products. This is called as gas-assisted etching
(GAE). FIB provides the capability of localized mask-free deposition of metal and
insulator materials. It works on the chemical vapor deposition (CVD) technique or
is similar to laser induced CVD. But in FIB a higher resolution with lower
deposition rate can be achieved. Generally Pt and tungsten is used for deposition

in FIB system. The deposition process is shown schematically in Figure 2.5c.

2.2.4. FIB patterning on nanopore alumina (NPA) arrays

In recent years, NPA fabrication by self-organized electrochemical
anodization process, which produces nanopores of hexagonal arrangement, has
been developed. This has created huge potential to be used for many applications
including molecular separations, biosensing, energy storage, photonics, drug
delivery and template synthesis. However this fabrication process has limitations
related to pores diameter, pore inter-distance, pore patterns and shapes. To address
this problem FIB based lithography combined with the anodization process has
been developed. FIB lithography on silicon has been demonstrated to produce
patterns of ordered NPA with controlled inter-pore distances and patterns. The
depths of the FIB patterns are from 5 - 20 nm for pore growth during anodization.
With the FIB, gradation in the size and shape (rectangle, square, and circle) can be

easily achieved with the array of the nano patterns [29-32]. Therefore the
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fabrication of pores with different pores sizes, inter-pore distances, shapes and
patterns is possible by combining FIB and anodization method [33, 34]. The oxide
wall thickness between two nanopores is counted as 2 d,, and the barrier layer
thickness for the same can be define as dg and controlled by the anodization
voltage (Figure 2.6). The implantation of Ga* into the Al plays important role in

growth of nanopore.

Diameter Diameter

(B) / Milled area —
>
Figure 2.6: Schematic diagram of the concept of using focused ion-beam

<..
d=2d,
technique (FIB) for fabrication of single nanopore and nanopore arrays using
NPA as substrate (a) inter-pore distance and diameter of the nanopore (b) FIB
milled barrier layer of alumina nanopores by removing of barrier.

The FIB patterned Al foils get anodized in 0.3 M oxalic acid at 60-80 V
for 5 min and characterized by SEM. In FIB guided anodization oxide walls of the
nanopores make different large and small concaves which restrict the growth of
other nanopore. The higher diameter represents the large amount of Ga* ion

implantation. Based on this concept the FIB has been combined with other

62



synthetic approaches including chemical vapor, atomic layer and electrochemical
deposition to grow nanotubes pattern on a substrate [35]. In addition to the FIB
guided anodization method there is another approach to use FIB for fabrication of
NPA with single or nanopore arrays. This method is based on the pore opening
from the bottom side of NPA by FIB milling and presented in Figure 2.6. To
obtain a single nanopore opening on NPA the ion-beam milling carrier out at the
middle of a single NPA cell using a 30 keV Ga* ion beam at low beam current of
1.5 pA for a very short duration of time. The milling of a single nanopore is very
challenging and needs high precision and very fine position adjustments of ion

beam.

2.3. Photolithography for microchannel fabrication

Nanofabrication techniques include top-down and bottom-up approaches
and various hybrids. Top-down approaches refer to the conventional or new
techniques, such as conventional photolithography, focused ion beam lithography
(FIB), e-beam lithography (EBL), nanoimprint lithography and atomic force
microscopy (AFM) lithography. Bottom-up approaches make use of materials,
such as nanoparticles, DNA to directly assemble and make patterns. A new hybrid
approach is the integration of top-down and bottom-up approaches which provides
an alternative approach to reduce cost and create complex architectures.
Photolithography is generally refers to a process which is used in micro
fabrication to selectively remove parts in thin film. It uses a light source projected
through a patterned mask onto a substrate. First, a substrate is spin-coated with a
thin film of photoresist and an ultraviolet (UV) light is projected onto the

photoresist film through a mask. The exposed area of photoresist is chemically
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changed due to reaction with UV light. Therefore, the exposed/unexposed area of
the photoresist film can be removed leaving a positive/negative pattern
(depending on type of photoresist) on the substrate after a development process.
The photoresist patterns are used as protective layer in the fabrication process.
Resolution of the pattern is an important factor to determine the performance of a
lithography process, which is defined as the ability to separate closely spaced
patterns on the substrate. In an optical exposure system, resolution is determined

by the diffraction phenomenon of light. The formula for resolution, R, is [36].

R =12 (2.4)

Where k is the factor that represents specific applications, with a range
between 0.6 and 0.8, A is the wavelength of the radiation source and NA presents
the numerical aperture of lens. From equation (1), it should be obvious that a
decrease in A will improve the resolution capability of the lithography system and
increasing NA of the projection lens also improves resolution. But, increasing NA
needs a larger diameter lens, which can be costly. Therefore, an alternative way to
improve resolution is by decreasing the wavelengthi. However, the requirements

of higher resolution and higher throughput mean current lithography tools are no

longer able to meet the industry’s need.

2.3.1. Materials and methods for photolithography

Photoresists can be of two types: positive and negative photoresist.
Positive photoresists are commonly used because they give better resolution in
patterning even though they are more expensive than negative photoresists.
Photoresists are made up of three components: a polymer which is base material

of photoresist, a solvent to keep it in solution, and a Photo Active Compound
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(PAC). In case of negative photoresist the PAC makes bonding in between the
polymer molecules when it is exposed to the UV light. This bonding of molecules
or cross linking keep it attached to the substrate and remains unreactive while

development of the sample takes place.
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Figure 2.7: Schematic of photolithographic process for negative and positive
photoresist [37].

The area which is unexposed exhibits no cross-linking of molecules so that
it is washed away during development in a suitable solvent. When positive
photoresist is exposed to the UV light the PAC reacts with the polymer and break
down the polymer into the compound which can easily be dissolved in developer
solution. A pattern is exposed into the photoresist by shining UV light through a

glass plate that has the pattern on it (i.e. a photomask). The glass plate pattern is
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transparent in some places and opaque in others. Where the areas are transparent
the ultraviolet light shines through onto the wafer causing a chemical reaction in
the photoresist. Where the mask areas are opaque the ultraviolet light is blocked
and that area remain unreacted [37]. During the development process the pattern
exposed on the wafer during the exposure step is developed and photoresist is
either removed or remains to form the pattern depending upon the types of

photoresist — negative or positive photoresist (Figure 2.7).

2.3.2. Spin coating

Spin coating is a process that forms uniform thin films on a flat substrate. In
brief, the photoresist is placed on the substrate, which is attached to the vacuum
holder and then spun at high speed and photoresist spreads via centrifugal force. A
thin film of the coating material will remain on the substrate, which depends on a
combination of the spinning speed and the viscosity of the resist.

Spin coating can be divided into different steps:
1. Deposition of the photoresist on substrate.
2. Spinning the substrate up to the required speed.

3. Substrate spinning at constant rate and viscous forces of the photoresist
itself get into a thin layer.
4. Substrate spinning at constant rate and solvent of the photoresist gets

evaporated until it achieves the thin coating.

The thickness of the photoresists depends on the time, rate of spinning and
viscosity of the photoresist [38]. A basic schematic of the process is presented in
Figure 2.8. The substrate is held by a vacuum and the resist is deposited in the
center of the substrate. The sample stage is then spun at several thousand rpm,

which will cause the resist flow outward and a smooth uniform layer is obtained.
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The resist thickness can be calculated from the equation:

h

h = 02 = (2.5)
16

14267172

where hy is the initial resist thickness (nm), f is the rotational speed (r/s), resist

viscosity (m® s%), and t is the spinning time (s) In order to improve the adhesion
between the substrate and the resist, a primer layer is pre-spun coated. After spin
coating, a soft bake is necessary to remove solvent of the resist, which improves
the adhesion and internal stress. Spin coating is the first step for lithography some

defects, such as particle; dust may destroy the imprinted structures [39].
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Figure: 2.8: Schematic of spin coating of glass substrate.
2.3.3. Wet chemical etching

Patterning underlying films through a photolithography and etching
process is one reason that photoresist is used in the initial stage. Etching processes
can be carried out using chemical (wet etching), physical (dry etching), or
sometimes a combination of both methods. Wet chemical etching is usually
characterized by low anisotropy and high selectivity (Figure 2.9). However, it is
difficult to control the etch rate, which causes high defect levels. The dry etching

is characterized by a high degree of anisotropy, but the etch rate is nearly
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independent of the substrate material. The basic wet etching reactions in etching
for Si as follows:
Solid + liquid etchant —>  soluble product

Si (s) + 20H +H,0 —> Si (OH), (0)2 (aq) + 2H2 (9)

It is generally used for cleaning, polishing, shaping structures and to characterize
structural features of substrate. The important parameters of wet chemical etching

Is etching rate, anisotropy of substrate, over-etching and size control.

Isotropic Anisotropic

Wet etching U —\_/—
Dry etching ‘ ! | ‘

Figure 2.9: Schematic illustration of cross-sectional trench profiles resulting

from wet chemical etching.

2.4. Plasma etching

Plasma etching is often used as a cleaning process for the material
surfaces. It uses the ionized gases in a moderate vacuum chamber to generate
plasma for the gas or air to do the surface etching. The chemical based wet
etching is used only to remove thicker contaminants in the micron range such as
flux residues; however plasma deals with contamination in the nanometer range
on substrate surfaces. In previous research, plasma cleaning has been described as

a very effective and cheap etching technology for various critical surfaces. The
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oxygen plasma cleaning is used for removing oils and grease at the nano-scale. It
also helps to reduce contaminants on the sample surface in comparison to the
conventional wet etching. The conventional wet etching uses the different organic
solvents which generally leave some residues on the surface after etching. Plasma
cleaning is useful in making a surface clean for bonding or surface modification,
and does not leave any residue as in wet etching. Most of the organic bonds which
are present on the surface of the substrate are broken when it is exposed to UV
light that is generated by the plasma [40]. In oxygen gas plasmas the cleaning of
the sample substrate is achieved by the energetic oxygen species present. These
species react with organic contaminants to form water and CO, which is pumped
away in the vacuum chamber. Plasma cleaning is suitable for cleaning various

surfaces including metal, plastics and ceramics.
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3.1. Introduction

Nanopores with their unique properties and similarity with biological
nanopore structures have attracted considerable research attention due to their
several unique properties and applications [1, 2].The integration of biomolecules
into nanopores and nanochannels has been recognized as a new approach for
development of simple, inexpensive and highly sensitive biomolecule detection
[3-5]. The sensitivity, low cost, simplicity, and easy miniaturization of
electrochemical detection is particularly suited to the development of highly
sensitive nanopores based biosensor [6]. To establish a nanochannel device we
need to understand the electrical and electrochemical properties of the nanopores.
The sensitivity of this nanopores based device is highly influenced by molecular
transport of analyte molecules to reach binding receptors inside the nanopores
where dimensions of nanopore structure (pore diameters and length) are critical
parameters. Hence characterization of electrical and electrochemical properties of
these structures is important to optimize performance of these devices based on
nano-confined pore structures [7, 8]. Surprisingly there are only few
electrochemical studies on nanopore arrays and membranes to address these

questions [9].

Electrochemical impedance spectroscopy (EIS) commonly applies to
describe a range of electrochemical properties of porous materials made up of
either synthetic or biological membranes. It also offers evidence on the functional
and structural characteristics of nanoporous membrane substrates. The EIS study
on the ion-exchange system in membrane delivered a good way of considering the

EIS behaviors of fouling phenomena (i.e., deposition and accumulation of
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foulants on anion-exchange membranes) [10]. EIS is a potential method for
analysing the compound electrical resistance of a system and possible changes of
bulk properties, therefore it has been widely used for characterization of charge
transport across nanopores in membranes and membrane/solution interfaces [11].
The applications of impedance sensors are not limited to gas sensors, humidity
sensor etc., but also these impedance sensors are used in biological sensor which

has very sophisticated interdigitated electrode structures [12, 13].

NaCl solution

NPA

Impedance
spectroscope

Computer

Figure 3.1: A schematic of experimental setup, the fabricated nano porous
alumina (NPA) is sandwiched between two cells filled with electrolyte for
two electrode EIS measurements of NPA.

Nanoporous alumina (NPA) prepared by electrochemical anodization
process is very attractive for development of nanopore biosensing devices due
their uniform pore size, high aspect ratio, high surface area, straight-forward and
inexpensive fabrication. It has been demonstrated that the electron transfer
resistance will decrease and the conductance increase as a result of an ion transfer

inside the pores of NPA [14, 15]. Previous studies demonstrated that the transport
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of ions or molecules passing through nanopore nanochannel is altered by steric
and electrostatic effects [16-18]. The electrostatic effect is a long-range effect
initiated by the interaction of surface charge and transporting ions [13, 19]. This
transport is shown to be dependent on pore size and number of pores and can be
changed by the surface charge or ionic strength of the bulk solution, which can
also change their transport inside the nanopores [7, 20]. These studies clearly
demonstrate the need for a detailed investigation on the influence of nanopore
dimensions on their electrochemical properties and biosensing performance [21,

22].

In this work impedance spectroscopy is used to explore the effect of
change in nanopore diameters and nanopore length on electrochemical properties
of nanopores related to their sensing of molecular separation applications. NPA
with different pore dimensions are used as a hanopore arrays platform and sodium
chloride (NaCl) is used as electrolyte for the measurements. The scheme of
proposed impedance devices and the experimental setup is shown in Figure 3.1.
Where NPA is sandwiched in between two different chambers and impedance

measurements is performed by Inphaze instrument.

3.2. Experimental Section
3.2.1. Materials and chemicals

Aluminum foil (0.1 mm, 99.997%) was supplied by Alfa Aesar (USA).
Oxalic acid, phosphoric acid, Sodium chloride, ethanol (Chem Supply, Australia),
chromium trioxide (Mallinckrodt, USA), De-ionized (DI) water (ELGA) grade

(18.2 MQ) water was used for preparation of all solutions.
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3.2.2. Preparation of NPA

NPA was prepared by a two-step anodization process using 0.3 M oxalic
acid as electrolyte at 0°C as described elsewhere [14]. The first anodized porous
layer was prepared at a voltage of 60 to 80 V for 5 min, and then removed using
an oxide removal solution (0.2 M chromium trioxide and 0.4 M phosphoric acid)
for 1-2 hours at 60 °C. The second anodization was carried out in range of 30V to
70V to achieve different pore diameter. Mild anodization at 30V was used to get
25+5 nm and hard anodization at 70 V for large pore diameter of 65+5 nm was
used. The length of NAP is controlled by the time duration of anodization. For
mild anodization at 30 V it took 180 min to achieve pore length about 4-5 pum.
However for hard anodization at 70 V it took only 20 min to grow 4-5 pum [23].
To prepare NPAs with different thicknesses or lengths (5-18 pm) of small
diameter pores the anodization time was varied from 180 min to 720 min at 30 V.
Once the anodization completed remaining aluminium was removed from the
backside of the nanopore array to reveal a clear and clean barrier layer of the
nanopore array by using CuCIl,/HCI. The removal of barrier layer from the pore

structures was performed by using the 10 % phosphoric acid [24].

3.2.3. Photolithography on NPA

The fabricated NPA was patterned on the back side (barrier layer side)
with photoresist using photolithography to prepare a 20x20 pum? area with the
opened nanopore array. The photoresist (AZ1518) was spin-coated (1500 rpm)
over the bottom side of NPA (barrier layer) and followed by baking of the sample

at 100 °C for 50s. A photo-mask (chrome-on-glass mask, Bandwidth Foundry)
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with a 20 um?® diameter transparent region was used to mask the sample with
exposure of 330 mJ/m?. The exposed photoresist was then removed by solvent. In
this way an opening of a 20x20 um?® square on the NPA from bottom side was

obtained.

3.2.4. Electrochemical measurements

The transport properties of membrane or array of nanopores are
determined by the behaviour of a single pore. It was assumed that the solutions
just inside and outside the pore are in equilibrium. Electrochemical measurements
were carried out in using an EIS spectrometer, (Inphaze, Pty. Ltd. Sydney,
Australia) with a two-electrode system which is specifically designed for EIS
characterization of NPA [9]. Two gold electrodes formed the working and counter
electrodes. The nanoporous array was sandwiched between two cell chambers
filled with the electrolyte electrodes on each side. The working and counter
electrodes were respectively placed at the end of two chambers (Figure 3.1). The
Nyquist plot is one of the ways used to explain the existence of several elements
and processes as it offers a direct view of the real component of the impedance
(inverse of the conductance) varies with the imaginary component at each
frequency points. An equivalent circuit is used to fit the experimental data with
the theoretical model. This model assumes that there is no impedance contribution
made from the limited diffusion of the ions. In practice, such contribution does
exist but mainly influences the impedance characteristics within a very low
frequency range [25, 26]. The resistance of the area of membrane, which is
covered with photoresist, is so high that it does not appear in the equivalent circuit

model. The pore resistance R, can be calculated as:
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Where Ry is pore resistance. L is length of the pore and d is the diameter of
the pore. As we increase the diameter of the pore the value of pore resistance
reduces but at the same time it increases if we vary the length of the nanopore
array. The electrochemical impedances were acquired in the frequency range from
0.01 Hz to 1 MHz. In the system of nanopore conductance mostly depends on the
pore diameter for high electrolyte concentration but also tends to have similar
value for low concentrations as well. The conductance can be calculated as (Eq-

3.2):
4L 1
— i R 5
Go = Ky [nDZ + D] (3-2)
Where Kjy, is the bulk conductivity, L length of nanopore and D is diameter
of nanopore [27, 28]. Studies already been done on the overlap of electrical

double layer (EDL) inside the nanopore [29]. The Debye length and the thickness

of the EDL can be presented as:

ekgT
Ap = [ ]1/2 3.3
D 2e2cg (33)

where ¢s is the salt concentration, ¢ is the dielectric permittivity of water,
kg is the Boltzmann constant, T ~ 300 K is the absolute temperature and e is the
elementary charge [30, 31]. The Dukhin length introduced Ip, = Ks/Ky, where K is
the surface conductivity and Ky is the bulk conductivity. The Dukhin length
compares directly with the diameter of the pore. In case of long length of
nanopores both ends and inner surface of the nanopore can be defined by the (Eg-
3.2). The ends of nanopore produce system resistance and this effect make that
each nanopore can be considered as one resistance in series. Hille and Hall [27,
32] explained the pore electric conductance G, is proportional to the bulk
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conductivity
nD?
Gp = Kp T] (3.4)

If the surface conduction of nanopore (eg-4) combined with pore conductance the
total pore conductance can be calculated by the expression:

D2

Gp = [Kb ™k (3.5)

If the length L of the nanopore is large and the diameter is small the pore
resistance (R,) dominates the total conductance of nanopore [33]. The increase in
the impedance across the pore is approximately equal to the applied potential
which, provided information that the potential drops at the electrode/solution
interfaces is small. The applied potential and generated resistance at interface may
not be same on both sides of the membrane. R, is small if the conductivity of the

electrolyte is high and pore channel is very short.

3.3. Results and Discussion

3.3.1 SEM characterization of NPA arrays

SEM images of the top surface of the prepared NPA sensing platform with
different pore diameter are presented in Figure 3.2(a-c). The images confirm the
successful preparation of well-ordered nanopores with a diameter of 25+2 nm,
45+2 nm and 65+2 nm, depending on the anodization conditions. To achieve three
different pore diameters at constant pore length the anodization potential was
tuned between 30-70 V with the anodization time varied from 20-180 min. It is
well known that pore diameter is determined by applied voltage during

anodization and porosity (P) of the NPA can be estimated by assuming an ideal
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hexagonal arrangement of the pores [34]. A typical cross-sectional structure of the

prepared NPA is shown in Figure 3.2(d).

Figure 3.2: SEM images of the top surface of NPA used as nanopore
sensing platform with different pore diameters (a) small pore around 25+2
nm (b) medium size pore around 45+2 nm (c) large pore around 65+2 nm,
prepared in 0.3M oxalic acid electrolyte using different anodization
voltages 30 — 70 V and time 20 to 180 min to achieve the same pore length
(d) Cross section SEM images of NPA with the inset Figure (scale bar
100nm) showing well-ordered and aligned pores through the full thickness
of the membrane.

3.3.2. EIS measurements on NPA arrays: influence of ion concentration

In order to characterize the performance of these NPA array and optimize
the nanopore dimensions for sensing purposes, a series of electrochemical
impedance spectroscopy experiments were carried out [35, 36]. In the first set of

experiments, NPA was characterized using NaCl electrolyte with concentrations
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from 1 uM to 100 uM. The collected impedance (Z) data for the constant pore

diameters using various concentration of NaCl is shown in Nyquist plots (Figure

3.3).
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Figure 3.3: (a) Nyquist plot obtained for NPA at constant pore diameters of 45
nm with various different concentrations (1 «M to 100 M) of NaCl (b)

experimental data is showing the agreement against the simulated data with use
of equivalent circuit.
The Nyquist plot contains overlapping semicircles; each of them is related

with a single time constant element. The top of the semicircle resembles to the

distinctive frequency of elements in the system. The decrease in the radius of the
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semicircle at high concentration is due to the diffusion of ions inside the
nanopores and increase in the conductance of the nanopore array especially at the
very high concentration. Ks changes due to high concentration of ions at the end
of the nanopore and Ky has opposite impact on the system conductance and
reduces the resistivity. Nyquist plot provides a more immediate indication of the
ion diffusion due to the concentration gradation. It reveals the effect of
concentration on the conductivity of the NPA. The graphs show that Z' (real)
decreased with increasing electrolytic concentration inside pores of NPA. To
estimate the impedance of NPA, we modeled the experimental system using
EvoICRT software developed at department of Chemistry, Wuhan University
Wuhan P.R. China [37]. The experimental data was simulated against the
equivalent circuit and find out the exact value for the pore resistance (R). The R
is a key parameter which reports changes that happened due to the diameter of
nanopore. The wall thickness of NPA and available NaCl ions inside the
nanopores generates EDL inside the nanopore surface resulted the high impedance
inside the nanopores. Therefore, Rp is much larger than Rs. It is also found that
both Rs and Rp decrease with increasing concentration indicating that the
nanopore resistance is a function of the electrolyte concentration inside the
nanopore. So the high concentration ratio induced by the trans-membrane
potential increases the mobility of the charged ions inside the nanopore resulting

in a relatively lower electrolyte resistance [38].

3.3.3. EIS measurements on NPA arrays: influence of nanopore diameters

and length

NPA of three different pore diameters (25 nm, 45 nm, and 65 nm) were

characterized using different concentration of NaCl. The collected impedance (Z)
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data for the various pore diameters using constant concentration of 1 uM NaCl is
shown in Nyquist plots (Figure 3.4e). The values for R, obtained after simulation
with equivalent circuit is plotted in Figure 3.3a, showing the influence of pore
diameter on Rp. At the lowest concentration of electrolyte 1 uM, the pore
resistance decreases from 5.61x10° to 3.8x10° Q when the pore diameter is
increased from 25 to 65 nm. For the large pore diameter, the impedance
measurement is dominated by the bulk properties of the solution (Figure 3.4a, b)
and small changes in impedance due to effects at the walls of the nanopores
become insignificant. The conductance of nanopore (G,) also been effected by the
increase in the diameter of nanopore (Eq-3.3) as the diameter is increasing (25
nm, 45 nm, 65nm) conductance increases (0.12 nS, 0.38 nS, 0.77 nS) respectively
(Figure 3.4f). The effect of electrical double layer is depending on the electrolyte
concentration, it increases with decrease in electrolyte concentration. In case of
large nanopores (65 nm) there is enough space for the ions to diffuse inside the
nanopore so the double layer (~ 8 nm) is not affecting system resistance.
However, in the case of the smaller pores (Figure 3.4d), the electrical double layer
(at the same concentration of electrolyte) form on each side of the alumina wall is
very close to each other and started effecting ion movement inside the nanopore
and cause high resistance in the system. The relative surface effects are greater
and the signal is affected significantly, as reported in previous studies [39, 40].
The conclusion from this experiment is that the NPA with smaller
nanopore diameters (25 nm) are more sensitive (~ 120 Q/uM) compared to the
NPA with the larger pores (~ 45 Q/uM) over the concentration range of 1 uM to
50 uM. Since we find that the smaller pore diameter provides greater sensitivity

and performance, we used the 25 nm diameter pores to study the influence of pore
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length on electrochemical signal. For that purpose we fabricated NPA biosensing
platforms with different pore lengths (4.5 um, 9 um, 13.5 um and 18 um) and

carried out a series of EIS measurements at different concentrations of NacCl.
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Figure 3.4: Schematic presentation for formation of electrical double layer and
bulk flow of electrolyte (a) inside the nanopore (b) large pore diameters (65 nm)
has space for bulk flow of electrolyte but as pore diameter decreases (c) and (d)
the density of ions increases inside nanopores (e) Nyquist plot between the three
different pore diameters 25 nm, 45 nm and 65 nm of NPA at constant length 4.5
um and concentration (1 ©M) of electrolyte NaCl shows the decrease in pore
resistance R, with increased pore diameter.
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The calculated G, is decreasing (0.126 nS, 0.062 nS, 0.041 nS and
0.031nS) with increase of length of nanopore (4.5 um, 9 um, 13.5 um and 18 um)
respectively (Figure 3.5b). The Nyquist plot was generated from constant

concentration of electrolyte (5 uM) as shown on Figure 3.5a.
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Figure 3.5: At constant pore diameter (25 nm) and concentration (5 uM) four
different pore lengths shows the increase in pore resistance R, with increased
pore length (a) Nyquist plot for various pore length and (b) conductance at
different pore length.

The graph shows the trend of increasing impedance over the range of
frequencies with respect to increasing pore length. Further measurements were
performed by simulating the experimental data with the proposed equivalent
circuit to find value of R, for various length of NPA. It was found that the R,
changes from 5.3x10° to 3.2x10° Q as length of NPA increase from 4.5 um to 18
um. The graph clearly shows the increase in the pore resistance with increasing

the pore length. The characteristic saturation in signal was observed at higher

concentration of electrolyte [41]. It was found that increasing pore length beyond
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10-15 um will have higher system resistance, as ion path will be long inside
nanopore and concentration of ion will not be in equilibrium at both end of the
nanopore. Increasing nanopore length to more than 10 to 15 pum does not seem
good for such type of biosensing detection where biomolecules need to diffuse
through nanopore. As the longer pore lengths mean long for diffusion times of the
ions and hence high resistance for the system. It was observed that pore
resistance is a key factor to be considered in the optimization of NPA
performance by EIS. In our case pore resistance with respect to lower
concentration (1-10 uM) has a high sensitivity of small change in concentration of
electrolyte. This behavior of NPA array is also limited with the morphology of
nanopore array. A very small nanopore diameter (below 20 nm) is also been
effected by the electrical double layer and has low conductance in the system [42].
The detection limit for electrolyte using this system was 1 uM. However we
believe a detection limit can be improved by lowering nanopore diameters (<25
nm). Nanopores with a diameter below 20 nm were difficult to make using the
anodization condition used in our experiments (oxalic acid anodization) and the
use other electrolytes (sulphuric acid) is required. However, smaller nanopores
may limit the diffusion of the molecules such as protein and enzymes and
therefore considerable extend the response time. The best performance for the
biosensing platform was observed with nanopore diameters of 20-40 nm with a
length of 4-15 um. Reduction in nanopore length below 4 um could reduce

robustness of NPA biosensor device because of fragility NPA substrate.
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3.4. Conclusions

A new method was implemented to measure the impedance of the
nanopore to achieve best pore size (20-40 nm) and length (5-15 um) for device
fabrication. Our results confirmed that pore dimensions including pore diameters
and length have considerable influence on device performances including
sensitivity, where pore resistance is used as measuring signal. However there is a
limitation to size reduction as the size comparable to the size of analyte molecules
will prevent diffusion of molecules inside the pore. In terms of pore length it was
found that longer pores (>15 um) are also not favorable for non-Faradaic EIS
detection as results of higher impedance on the nanopores and long time for
diffusion of analyte molecules inside nanopores. Hence it is critical to optimize
pore dimensions to achieve optimal performances of nanopore based
electrochemical biosensing devices which have considerable potential toward
development simple and inexpensive sensing devices for broad biomedical

applications.
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4.1. Introduction

Integration of biomolecules into nanopores and nanochannels has attracted
considerable attention due to the high surface area of the pores and similarity with
nanopores in biological systems meaning there is the potential for new and
advanced biosensing devices [1-3]. In these studies specific recognition molecules
have been functionalized inside single or nanopore arrays for various applications
including molecular or ionic gates, single molecule detection, and biosensing of
enzymes DNA and antibodies [4, 5]. Development of nanochannel or nanopore
array biosensing devices has proven to be an excellent approach toward the
development of simple, inexpensive and highly sensitive biomolecule detection.
In particular, their interactions and specific binding with the immobilized probe
confined in a nanoscale volume are critical parameters which determine the
performance of biosensing devices, e.g. sensitivity, response time and detection
limit [6, 7]. Surprisingly there are only few electrochemical studies on nanopores
that address these questions [8, 9]. Electrochemical impedance spectroscopy (EIS)
is a powerful method for analysing the complex electrochemical properties of a
system and possible changes of its bulk properties. Therefore, it has been widely
used for characterization of charge transport across nanopores in membranes and
membrane/solution interfaces [10, 11]. EIS is also very powerful and sensitive for
the detection of antigen—antibody binding inside nanopores [12, 13]. Impedance
biosensing can be performed using both Faradaic and non-Faradaic processes. In
Faradaic processes charge is flowing across the interface of the sensing material;
however in the case of non-Faradaic sensing, current flows without charge
transfer through the interface material. The main disadvantage of the Faradaic

process is that it requires a redox species to enhance the signal of the electron
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transfer. On the other hand, there are no additional requirements of a redox
species or signal enhancer for non-Faradaic EIS. Hence, in the field of nanopore
biosensors the non-faradaic EIS is particularly well-suited for the detection of
binding events inside nanopores and is recognized as the simpler method [2, 14].
Nanoporous alumina membranes (NPAs) prepared by electrochemical
anodization process have been very attractive for development of nanopore
biosensing devices, due their uniform pore size, high aspect ratio, high surface
area and straight-forward and inexpensive fabrication [15]. It has been
demonstrated that the electron transfer resistance will decrease and the
conductance increase as a result of a binding reaction inside the pores of NPA [16,
17]. However, the binding reaction of the antigen at the antibody-immobilized
surface is often insufficient to produce a large signal change for impedance
measurements that are largely dependent of nanopore dimensions and the density
of immobilized probes inside nanopores [18-20]. Previous studies demonstrated
that the transport of ions or molecules passing through bio-functionalized
nanopores is affected by steric and electrostatic effects [21-23]. The electrostatic
effect is a long-range effect caused by the interaction between surface-
immobilized charged molecules and the transporting ions [8, 16, 23]. This
transport is shown to be dependent on pore size and number of pores and can be
changed by the surface charge or ionic strength of the bulk solution, which can
also change ion transport inside the nanopores [5, 24, 25]. These studies clearly
demonstrate the need for a detailed investigation of the influence of nanopore
dimensions on their electrochemical properties and biosensing performance.
Herein the EIS electrochemical method was used to study the effect of nanopore

diameters and length on the performance a label-free nanopore biosensor. The
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NPA was used as sensing nanopore platform and biotin-streptavidin detection was
used as a model of immune assay biosensor.

The aim was to demonstrate the application of a NPA array as simple, low
cost and label-free electrochemical biosensing platform for detection of
biomolecules based on affinity binding reactions. The scheme of the proposed
biosensing device and the experimental setup is shown in Figure 4.1. The NPA
sensing platforms with different diameters and length of the nanopores were
prepared to characterize their electrochemical properties and biosensing

performance using various concentrations of analytes [6, 26, 27].

After photolithography and
(A) NPAM (B) chemical pore opening

Buffer solution

Impedance

Streptavidin and spectroscope
Biotin

Computer

Figure 4.1: A schematic of experimental setup (a) fabricated nano porous
alumina membrane (NPA) (b) NPA after photolithography with a 20x20 zm?
opening (c) NPA modified with streptavidin as sensing platform (d) NPA placed in
EIS cell for impedance characterization

The surface inside the pores was functionalized by phosphonic acid and
NHS-EDC chemistry, followed by the covalent attachment of antibody molecules,

which were used as a binding surface for the selective capture of antigen
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molecules, i.e. biotin [28]. The NPA sensing platform with a reduced number of
nanopores and working area of 20x20 um? was prepared by photolithography in
order to miniaturize the device. A four electrode cell was used to characterize the
change in properties of the nanopore array using EIS technique for different pore

diameter and length.

4.2. Materials and Methods

Aluminum foil (0.1 mm, 99.997%) was supplied by Alfa Aesar (USA).
Oxalic acid, ethanol (Chem Supply, Australia), chromium trioxide (Mallinckrodt,
USA), 2-Carboxyethyl phosphonic acid, N-Hydroxysuccinimide (NHS), ethyl
(dimethyl aminopropyl) carbodiimide (EDC), streptavidin, biotin, albumin
bovine-fluorescein isothiocyanate (BSA-FITC) were supplied by (Sigma—Aldrich,
Australia) and used as received. High purity ultra-pure Milli Q grade (18.2 MQ)

water was used for preparation of all solutions.
4.2.1. Preparation of nanoporous alumina (NPA)

NPA were prepared by a two-step anodization process of Al foil using 0.3
M oxalic acid as the electrolyte at 0 °C as described elsewhere [9, 29]. The details

about the fabrication of different nanopore diameter and length are given in

Chapter 3 section 3.2.1.

4.2.2. Photolithography on NPA

The fabricated NPA substrates were patterned on the back side with
photoresist using photolithography to prepare a 20 um area with the opened

nanopore array. Further details have been provided in Chapter 3 section 3.2.2.
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4.2.3. Functionalization of NPA nanopores with streptavidin

Surface modification of the NPA nanopore array was performed by
soaking it into an aqueous solution of 5 mM 2-carboxyethyl phosphonic acid for
72 hours at room temperature. The samples were rinsed with a sufficient amount
of DI water to remove nonspecific bindings and then dried under a slow purge of
nitrogen. The top and bottom surfaces of the nanopore array were exposed to air
plasma etching for 30 seconds, using a plasma cleaner (Diener, Germany). After
exposing the nanopore array to plasma etching, the samples were left in DI water
for 24 hours at room temperature for pore wetting. After pore wetting the
nanopore array was soaked in N-hydroxysuccinimide (NHS) 15 mg/mL in PBS
and 1-ethyl-3- (3-dimethylaminopropyl) carbodimide (EDC) 20 mg/mL in PBS
buffer solution for 30 min at room temperature, followed by rinsing with plenty of
DI water. Subsequently the samples were soaked in streptavidin solution of 100
ug/mL concentration in PBS for 30 min at room temperature to functionalize the
nanopores. The samples of prepared NPA biosensing platform were finally
washed in copious amounts of DI water and mounted in the electrode cell for EIS
measurements by addition different concentrations of biotin. The biotin stock
solution of 50 ug/mL was prepared and used to make required concentrations (0.2
uM to 29 uM) by dilution. The prepared biotin solution were injected with the
same volume on the streptavidin functionalized NPA sensor and left for the
reaction time of 15 min to complete binding reaction followed by washing with

DI water and EIS measurements.

4.2.4. Electrochemical measurements

Electrochemical measurements were carried out in using an EIS
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spectrometer, (Inphaze, Pty. Ltd. Sydney, Australia) with a four-electrode system
which is specifically designed for EIS characterization of NPA [30]. Two gold
foils formed the working and counter electrodes with two Ag/AgCl as reference
electrodes. The nanoporous array was sandwiched between two cell chambers
filled with the buffer solution in contact with reference electrodes on each side.
The working and counter electrodes were respectively placed at the end of two
chambers (Figure 4.1). An equivalent circuit (Figure 4.5) is used to balance the
resistance and capacitance for the entire system and monitor the behaviour of
nanoporous arrays and changes on their surface. Since the streptavidin molecules
can be negatively or positively charged depending on environment, an electric
double layer is expected to be present at the streptavidin-solution interface. An
impedance contribution from this interface is represented as a parallel RC element
(Rry and Cgy), and commonly introduced in series with the nanopore resistance
[31, 32]. Here, Ry is resistance of the electrolyte solution, R, and C, are the total
contribution of resistance and capacitance of alumina membranes and free
nanopores, Rg, and Cg, are the resistance and capacitance of the electric double
layer formed at interface between the protein molecules and the solution. This
simplified electrical model provides the best fit to our measurements. Particularly,
a similar equivalent circuit is adopted to investigate glass nanopores in aqueous
solutions [33]. This model assumes that there is no impedance contribution made
from the limited diffusion of the ions. In practice, such contribution does exist but
mainly influences the impedance characteristics within a very low frequency
range [13, 34]. However, for our purposes the proposed model is sufficient, as we
are able to extract the relevant model parameters, such as Rp, Rrn, Which are not

affected by the limited diffusion. The resistance of the area of membrane, which is
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covered with photoresist, is so high that it does not appear in the equivalent circuit

model presented. Theoretically the pore resistance R, can be calculated as eq 4.1:

=2 4.1)

p wod?

Where Ry is pore resistance, L is length of the pore and d is the diameter of the
pore [35]. As we increase the diameter of the pore the value of pore resistance
reduces but at the same time it increase if we vary the length of the nanopore
array. The biotin solutions of 0.2 uM — 29 uM concentrations in buffer 7.4 pH
were tested in a series of experiments to explore their binding with functionalized
streptavidin molecules inside the NPA arrays. The electrochemical impedances
measurements were acquired for each biotin concentration separately in the
frequency range from 1 Hz to 1MHz. A minimum of 3 spectra was taken for each

concentration of the biotin and 3-4 samples were used.

4.3. Results and discussion

The morphological change in NPA leads to change in the sensing
capability of biosensing device. To optimize these parameters a number of
experiments with different morphologies were undertaken and are discussed in the

following section.
4.3.1. SEM characterization of fabricated NPAs

SEM images of the top surface of the prepared NPA sensing platform with
different pore diameter are presented in Figure 4.2(a-d). The images confirm the
successful preparation of well-ordered nanopores with a diameter of 25+2 nm,
45+2 nm and 65+2 nm depending on the anodization conditions. To achieve three
different pore diameters at constant pore length the anodization potential was

tuned between 30-70 V with the anodization time varied from 20-180 min.
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Figure 4.2: SEM images of the top surface of NPA used as nanopore sensing
with different pore diameters (a) small pore around 25+2 nm (b) medium size
pore around 45+2 nm (c) large pore around 65+2 nm, prepared in 0.3 M oxalic
acid electrolyte using different anodization voltages 30 — 70 V and time 20 to 180
min to achieve the same pore length (d) Cross section SEM images of NPA with
magnified view of nanopores (100 nm scale) (e) calibration graph showing
fabrication of NPA with the different pore length using anodization time from 3-
12 hours (f) FTIR spectra of NPA before and after the first step of surface
modification with phosphonic acid.

101



It is well known that pore diameter is determined by applied voltage
during anodization and that the porosity (P) of the NPA can be estimated

assuming an ideal hexagonal arrangement of the pores;

P=(R) ) 42

where D, and Djy are pore diameter and the inter-pore distance respectively [36].
A typical cross-sectional structure of the prepared NPA is shown in Figure 4.2(d),
with the inset Figure (scale bar 100 nm) showing well-ordered and aligned pores
through the full thickness of the membrane. The pore length was calibrated
against anodization time (2-10 h) for the 25 nm diameter pores, to allow the NPA
pore length, which is equal to the thickness of the NPA, to be tuned. In Figure
4.2e, the calibration data is plotted for four different pore lengths from 5 um to
20 um at constant anodization potential 40 V [26, 37]. The linear fit to the
calibration data is very good, providing excellent control over the pore length for

this study.
4.3.2. Surface modification and characterization of NPAs

FTIR spectra of control NPA and modified NPA with phosphonic acid
(PHA) are shown in Figure 4.2f. The results show evidence of surface
modification of NPA by immobilization of biosensing molecules inside the
nanopores. The peaks observed at 1450 cm™ and 1485 to 1580 cm™ are associated
with available (COO") group which will lead to further bonding of protein
molecules. The peaks at 2500 cm™ to 2650 cm™ show the presence of P-OH and
P-H bonding and the peaks at 3650 to 3750 cm™ represent the free OH groups are
available at the surface of the NPA [38].

To achieve selective immobilization of the probe biomolecule
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(streptavidin) inside the nanopores, it was developed as a surface functionalization
procedure, which involves modification of NPA with phosphonic acid (PHA),
activation of COOH with N-Hydroxysuccinimide/1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (NHS/EDC) and covalent binding of
streptavidin/biotin. The most critical part of this process was to ensure that
biologically active probes were exclusively inside the nanopores, i.e. that the top
(outer) surface of the NPA was unmodified. Therefore, we used air plasma to
clean the outer surface before and after NHS-EDC activation. This process is

schematically represented in Figure 4.3a.

Air Plasma
NPAM
After plasmaclean

BSA-FITC  [¥ii

Optical image after
lithography

Figure 4.3: Schematic of surface modification of NPA nanopores to demonstrate
functionalization only internal pore structures and cleaned the top surface by
plasma process. A fluorescent labelled albumin bovine serum) BSA-FITS are used
as a model molecule. (a) NPA surface modification with phosphonic acid and
covalently attached BSA-FITS followed by air plasma treatment. (b) fluorescent
image of NPA before and (c) after plasma treatment (d) cross section image of
NPA which proof that surface modification still remain inside the pores after air
plasma treatment.

To demonstrate that functional groups remain only inside the nanopores,
fluorescence images of the top (outer) surface and the cross-section of the NPA

were collected after treatment with BSA-FITC and plasma, see fluorescence
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image from the top surface (Figure 4.3b) before plasma treatment clearly shows
the bright fluorescence of the BSA-FITC image, confirming the presence of BSA
on the top surface. The image in Figure 4.3c is the same top surface after plasma
treatment and shows negligible fluorescence intensity, confirming that the
removal of active biomolecules from the top surface of the NPA was successful.
Furthermore, the cross-section image of the NPA (Figure 4.3d) clearly shows that
the fluorescence signal remains inside nanopores, demonstrating that our method
can achieve a highly selective surface modification inside the nanopores. The
amino groups after NHS-EDC modification are active inside the nanopores for
binding of streptavidin molecules and, therefore, the approach is suited to the

preparation of a nanopore biosensing device.

4.3.3. EIS measurements of NPA biosensor

In order to characterize the label-free sensing performance of these NPA
biosensors and optimization of the nanopore dimensions for sensing protein
molecules, a series of electrochemical impedance measurements were carried out.
In the first set of experiments, NPA biosensors with three different average pore
diameters (25 nm, 45 nm and 65 nm) were characterized using biotin analytes
with concentrations from 0.2 uM to 29 uM. The collected impedance (Z) data as a
Nyquist plot for the different pore diameters using a fixed concentration of biotin
(0.2 uM) are shown in Figure. 4.4 (a) reveal the impedance dependence on the
pore diameter. The graphs show that Z decreased with increasing NPA pore size.
To estimate the pore resistance, we modelled the experimental system using
EVvoICRT software [39] (developed by Department of Chemistry, Wuhan

University, China) according to the equivalent circuit (Figure 4.5a inset).
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Figure 4.4: (a) Nyquist plot obtained for NPA biosensors with different pore
diameters of NPA and (b) different pore length at constant pore diameter and
their response using constant biotin concentration (0.2 xM).

The simulation of the data was done using the following equation:

F= ;Zm [(z”; -z} +(Zr- z;’)z} (4.3)

where Zi' and Zi" are the experimental values of the real part and the imaginary

part of the electrochemical impedance at a given frequency f;. Similarly Z~( and Z~{'

are the corresponding fitting values. Here m is the number of input frequencies,
i.e. the number of data points. The extracted parameters of the proposed

equivalent circuit are as follow in table 4.1:

Pore Rol Q) | Rp(Q) R (Q) Co(F) Cr (F)
Diameter

(hm)

65 5.87x10° [ 3.07x10° 1.81x10° 1.54x107 | 6.68x10°
45 6.35x10° [ 5.35x10° 5.43x10° 3.29x107 |6.10x10°
25 6.02x10° [ 6.16x10° 1.8x10" 3.68x10” | 2.47x10°
Pore length

(1m) i i
4.5 6.46x10° | 6.41x10° 1.79x10" 4.50x107 [4.43x10°
9 6.39x10° [ 7.54x10° 2.26x10" 1.58x10° [9.86x10°
135 6.79x10° [ 8.25x10° 2.98x10" 3.53x107 | 1.97x10°
18 6.94x10° [ 1.61x10° 3.34x10" 4.47x107 [ 1.70x10™

Table 4.1: The extracted value for all the components of equivalent circuit for
different NPA nanopore diameters and lengths are presented.
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The best fit for the pore resistance (R,) was obtained from these
simulations at several concentrations of biotin and three different pore diameters.
The experimental data was simulated against the equivalent circuit to determine
the exact value for the pore resistance. The R, is a key parameter related to
changes inside the nanopore because the active binding sites for the analyte are
only available inside the nanopore. The values for R, obtained after simulation
with equivalent circuit are plotted in Figure. 4.5(a), showing the influence of pore
diameter and biotin concentration on R,. At the lowest concentration of biotin 0.2
uM, the pore resistance decreases from 6.1x10° to 2.8x10° Q when the pore
diameter is increased from 25 nm to 65 nm showing better sensitivity using NPA
platform with smaller nanopores.

To explain the observed behaviour it is important to consider other
parameters including not only pore diameters but also the size and charge of
analyte molecules and charge of immobilized molecules inside nanopores
(streptavidin). The molecular size of streptavidin tetramer is about 4-5 nm and it is
immobilized as a monolayer inside pores, which increased in thickness by around
6-8 nm after the binding of biotin. This binding reaction causes a significant
change of surface charge and conductivity of formed streptavidin-biotin complex
and consequently pore resistance, which is used as parameter for impedance
biosensing. These resistance/conductivity changes from binding reaction inside
smaller nanopore (<25 nm) are more significant because charged analyte
molecules are very close to each other and more sensitive to AC oscillation of
ions inside the nanopore compared to large nanopores. In the case of large pore
diameter (65 nm) the intermolecular interaction as result of binding of analyte

molecules (biotin) is less influential and the impedance measurement is dominated
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by the bulk properties of the solution. As there is enough space inside the pores
and small changes in impedance due to effects at the walls of the nanopores
become insignificant. So it can be concluded that the molecular size of biotin and
streptavidin doesn’t have significant effect for larger pore diameters. This type of
nanopore biosensing concept based on changing conductivity without of the use
of pore blocking mechanism was previously demonstrated for impedance
biosensing of DNA hybridization [28, 40]. For this type of nanopore biosensors to
have the smaller pores is beneficial because the influence of the surface effects is
greater and the signal is affected significantly (lesser area available for bulk
solution) as reported in previous studies [41-42]. However, there is limitation, if
the pore diameters are reduced below 10 nm; we may observe high pore resistance
due to the limited transport of biomolecules inside the nanopores, which could

block nanopores at some point of concentration.
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Figure 4.5: (a) A plot showing relation between the pore diameters and biotin
concentrations and their influence on the nanopore resistance R,. The proposed
equivalent circuit (inset) used for the simulation of experimental data is presented
in inset. (b) Calibration graph showing changes of pore resistance AR with biotin
con)centration using NPA biosensor with different pore diameters (25 nm to 65
nm).
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The resistivity change AR = R - Ry is presented as a biosensing signal where R is
value taken with pore resistance at zero biotin concentration and Rx taken for pore
resistance on each biotin concentration (Figure 4.5b). It was observed that the
increase in AR value was linear at lower concentration range and after
concentration over 10 uM the graph tends to reach saturation phase. Interestingly
this behaviour is observed for both small and large nanopores and it is not
influenced by the pore diameters. This result suggests that saturation signal is
related to the surface reaction and binding all available streptavidin molecules
(Figure 4.5b).

Since it was found that the smaller pore diameter provides greater
sensitivity and performance, we used the NPA platform with 25 nm pore
diameters to study the influence of pore length on electrochemical signal and
biosensing performance. For that purpose we fabricated NPA biosensing
platforms with different pore lengths (4.5 um, 9 um, 13.5 um and 18 um) and
carried out a series of EIS measurements at different concentrations of biotin. The
Nyquist plot was generated from constant concentration of biotin (0.2 uM) is
shown in Figure 4.4b. The graph shows the trend of increasing impedance over
the range of frequencies with respect to increasing pore length. Further
measurements were performed by simulating the experimental data with the
proposed equivalent circuit to find value of R, for various length of NPA (Figure
4.6a). It was found that the R, changed from 3x10* to 10.5x10" Q as length of
NPA increased from 4.5 um to 18 um. The graph clearly shows the increase in the
pore resistance with increasing the pore length. The characteristic saturation in
signal was observed at higher concentration of biotin (near 15 uM) showing the

upper limit of detection for biotin.
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Figure 4.6: (@) Graph showing changes of pore resistance AR of NPA biosensor
with biotin concentration at different pore length (b) A calibration plot for
different pore length of NPA biosensor at lower concentration (0.2 — 5.8 uM) of
biotin show the significant linearity between actual pore resistance AR and biotin
concentration.

In the lower concentration range the sensor showed a linear response (R® =
0.96) from 0.2 to 10 uM (Figure. 4.6b). It was found that increasing pore length
beyond 10-15 um did not provide linear responses. Long nanopores presented
very high resistances, hence small changes inside the nanopores were not
detectable, and the pore impedance was dominated by NPA resistance. Increasing
nanopore length to more than 10 um to 15 um does not seem too good for such
type of biosensing detection as the longer pore lengths mean long for diffusion
times of the analyte molecules and hence high resistance for the system.

It was observed that pore resistance is a key factor to be considered in the
optimization of biosensing performance of EIS nanopore based devices. In our
case the pore resistance with respect to lower concentration (0.2-10 uM) it has
linear relationship (R? = 0.96). The detection limit for biotin concentration using

this system was 0.2 uM. However we believe lower concentrations can be
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detected by lowering nanopore diameters (< 25 nm). NPA with pore diameters
below 20 nm are difficult to make using the anodization conditions used in our
experiments (oxalic acid). The use of other electrolytes (sulphuric acid) and lower
voltages (10-15V) is required to produce such pores. However, there is limitation
that these smaller nanopores with a diameter between 5-10 nm may not perform
well as non-Faradaic biosensing devices as the small pore size may limit the
diffusion of the larger analyte molecules such as protein and enzymes. The best
performance for the biosensing platform was observed with nanopore diameters of
20-40 nm with a length of 4-15 um. Reduction in nanopore length below 4 um

could reduce robustness of NPA biosensor device.

4.4. Conclusion

The impact of pore dimensions and surface chemistry of nanopore arrays
was explored and their application in a non-Faradaic impedance nanopore
biosensor for the detection of biological entities such as protein molecules was
demonstrated. A new method for specific functionalization exclusively inside
nanopores was used to achieve the critical effect on electrochemical charge
transfer by using nanopore array. The results show that measuring biotin
concentrations from 0.2 uM to 29 uM in PBS buffer solution can be successfully
achieved without using any labelled marker of signal enhancer redox probe. It was
observed that pore resistance is a key factor to be considered in the optimization
of biosensing performance of non-Faradaic EIS nanopore based devices. It was
also observed that R, with respect to concentration decreased with increasing
concentration of analyte which is a consequence of the properties of binding

biotin molecules inside the nanopores. This behaviour is more significant within
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the low frequency range 1Hz - 20 KHz showing the magnitude of the impedance
is affected considerably by the biotin concentration. However, linearity is limited
with concentration showing typical saturation at higher concentration of 30 uM
and linear range from 0.2 -10 uM. Our results confirmed that pore dimensions
including pore diameters and length have considerable influence on biosensing
performance. It was found that lowering pore diameters (<30 nm) provides better
response and sensitivity. However there is a limitation to the size reduction as
sizes comparable to the size of analyte molecules will prevent diffusion molecules
inside the pore. Regarding pore length it was found that longer pores (>10 um) are
also not favourable for non-Faradaic EIS detection due to the higher resistance
and long time for diffusion of analyte molecules inside nanopores. Hence it is
critical to optimize pore dimensions to achieve optimal performances of nanopore
based electrochemical biosensing devices. These devices have considerable
potential toward development simple and inexpensive sensing devices for broad

biomedical applications.
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5.1. Introduction

The characterization of electrochemical properties of materials with micro
and nano dimensions is one of the critical issues for application of these materials
based on these properties. In particular the characterization of nanoscale structures
fabricated with various nano-tubular morphologies is difficult. The FIB provides
fabrication of nanostructures by the removal of material form the solid surface
(milling) or their deposition or surface modifications, but also at the same time
has the capability to provide topographical analysis [1, 2]. Nanostructures
fabricated by FIB are very well defined and can be characterize by use of
electrochemical techniques.

In recent years, nanoporous anodic alumina fabricated by self-ordered
electrochemical anodization process with vertically aligned nanopores has created
great curiosity due to their unique properties and broad applications such as
molecular separations, biosensing, energy storage and drug delivery [3, 4]. The
NPA possess uniform and high density pore structures with perfectly ordered
hexagonal pattern and controllable pore dimensions which are important features
for membrane biosensing [5-7]. The NPA structures are fabricated from an
aluminium foil by electrochemical anodization in a certain acid electrolyte
involving several steps with a thin barrier layer at the end of nanopore [6]. This
formed barrier layer closes one end of the nanopores and requires removal of
oxide layer to make open pores. This process is performed by dissolution in
phosphoric acid and has a limitation in cases where single or controllable number
of opened nanopores is required [7, 8]. To address this problem, previous studies
demonstrated that FIB milling can be productively used for controlled removal of

the oxide barrier film and pore opening of a NPA to form a single or array of
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nanopores [9, 10]. The milling and patterning of this small area to open nanopores
because it requires very fine tunings of position of ion beam. The use of 30 keV
Ga' focused beam at 1.5 pA beam current for a short duration of time is required
to open single nanopore of a NPA [11]. In another approach FIB is used to create
arrays of close-packed patterns with flexible depths on polished Al surfaces [12-
14]. 1t was found that FIB milled concaves of few nanometres can effectively
guide the growth of the NPA during anodization process.

The fabrication of NPA pores with different pores sizes, inter-pore
distance, shapes and patterns is demonstrated and combination FIB and
anodization method open exciting opportunity to design more sophisticated
sensing devices based on nanopore structure [11]. However electrochemical
properties and application of NPA arrays with smaller number of nanopores for
biosensing is not well explored. High electrochemical sensitivity with ability for
single molecular detection is observed on single pore devices prepared by FIB on
Si but this fabrication is very complex as it needs several steps of lithography and
FIB milling [15]. The preparation of NPA based pore array devices is simpler and
inexpensive and will provide a better understanding of the electrochemical
properties important for their application for nanopore biosensing [16, 17].
Electrochemical impedance spectroscopy (EIS) is recognized as a promising
technique to perform these characterizations. EIS could provide useful
information about electrochemical properties of nanopores; influence of ion
concentration, dimensions and morphology of nanopores which are important for
optimization their biosensing performances. Herein to address some of these
questions we are reporting the fabrication of these NPA arrays with different

number of nanopores combined with FIB and study their properties
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The aim of this work is to explore electrochemical properties of NPA arrays
and their applications for impedance biosensing [18, 19]. The specific objectives
are to determine the performance of nanopore biosensor depending of number of
nanopores. To demonstrate this biosensing concept a FIB patterned nanopore
array based label free electrochemical biosensor for biotin detection is used. The
scheme of FIB fabrication process and proposed biosensing device is presented in

Figure 5.1.

Ga* lon
beam
Impedance
spectroscope
FIB Milled

area

B
NPAM after

photolithograpy \
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Figure 5.1: A schematic of experimental setup for fabricated nano porous
alumina (NPA) modified with streptavidin as sensing platform. The FIB milled
open nanopore of NPA placed in EIS cell for impedance characterization.

The fabrication of the NPA sensing platform is carried out using
anodization of aluminum foil, followed by photolithography to mask bottom
surface (a barrier layer) with photoresist followed by FIB milling on the bottom to
remove barrier layer of selected number of nanopores. The surface inside the

opened pores was functionalized by phosphonic acid (PHA) and (N-

hydroxysuccinimide, 1-ethyl-3-(3-dimethylaminopropyl) carbodimide) NHS-EDC
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chemistry, followed by the covalent attachment of antibody molecules
(streptavidin), which is used as a binding surface for the selective capture of
antigen molecules i.e. biotin. A four electrode cell electrochemical cell was used
to characterize the electrochemical properties of NPA devices with different
number of nanopores and their biosensing performance after addition of different
concentration of analyte (biotin). The EIS is applied here for detection of binding
analyte molecules inside nanopores because as, it is a very sensitive, simple and

low cost method, suitable for development of portable biosensing devices.

5.2. Materials and Methods

The details have been provided in Chapter 4 section 4.2.

5.2.1. Preparation of NPA and photolithographic patterning

NPA was prepared by a two-step anodization process as details are
provided in Chapter 3 section 3.2.1 [20]. The fabricated NPA is patterned with
photoresist using photolithography to expose the nanoporous array in a selected
area of the membrane. Further details have been provided in Chapter 3 section
3.2.2. In this way an opening of 20 um circular pin-hole in the photoresist was
obtained for further FIB pore opening. Fabricated NPAs were characterized using

SEM before FIB milling process.

5.2.2. Pore opening of NPA by FIB milling

The FIB Helios Nano-lab 600 from FEI, consisting of a focused ion-beam
for sample milling and patterning, and a high resolution scanning electron
microscope (SEM) for imaging of the surface of the sample after milling was

used. The oxide wall thickness between two neighbouring nanopores and the
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barrier layer thickness is determined by the anodization voltage. If the anodization
is done at high voltage (hard anodization) the barrier layer is thicker than the low
voltage (mild anodization) anodization. Instrument software generated pre-
designed square patterns with 100 nm?, 2x100 nm?, 3x100 nm?, 1 pm? and 20 pm?
areas were mapped onto the NPA samples and then milled by using a 30 keV Ga*
focused beam, with a beam current of between 1.5 and 48 pA. Milling times
varied from 2 second to 10 min depending on the area and depth of the pattern.
The milling rate varies with the ion beam current and a small beam current is
always preferred for milling process of structures with nanoscale dimensions. The
SEM beam line was used to characterize NPA samples before and after FIB

patterning.

5.2.3. Surface modification inside NPA array

Surface modification of NPA was performed by soaking the membrane in
aqueous solution of 5 mM 2-carboxyethyl phosphonic acid for 72 hours [21].

Further details have been provided in Chapter 4 section 4.3.2.

5.2.4. EIS measurements of FIB milled NPA

Electrochemical measurements were carried out using an EIS spectrometer
(Inphaze, Pty. Ltd. Sydney, Australia) with a four-electrode system which is
specifically designed for EIS characterization of NPA. Two gold foils formed the
working and counter electrodes and two Ag/AgCl electrodes used as reference
electrodes [22]. The FIB patterned nanoporous membrane was sandwiched
between two chambers filled with the buffer solution and in contact with reference
electrodes on each side. The working and counter electrodes were respectively
placed at the end of two chambers (Figure 5.1). An equivalent circuit is used to
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balance the resistance and capacitance for entire system and monitor the changes
inside the nanopores of nanoporous array. Biotin solutions of 0.2 uM — 29 uM
concentrations were tested in a series of experiments to explore binding with
functionalized streptavidin molecules inside the NPA arrays. The electrochemical

impedances were acquired in the frequency range from 0.01 Hz to 1IMHz.

5.3. Results and discussion

5.3.1. Structural characterization of NPA arrays

SEM images of prepared NPAs from single opening to multi pore arrays
opening are summarised in Figure 5.2 showing their typical morphology with the
FIB milled bottom surface of NPA. The SEM image of the corresponding bottom
surface shows typical hexagonal cell structures, which form the barrier film
surface [6, 23]. These were examined before and after patterning the square
pattern on NPA by FIB. The NPA nanopores prepared by 100 nm?, 2x100 nm?,
3x100 nm?, 1 um? FIB milling NPA and 20 um?®with chemically opened pores are
presented in Figure 5.2. The NPA array before FIB milling in Figure 5.2a shows
the bottom view of nanopore array with high resolution image, Figure 5.2b shows
the 100 nm square pattern by FIB milling where we observe to have average of 2-
3 nanopores. Our goal was to make single nanopore by milling 20-40 nm area, but
it is important to note that it was extremely difficult to mill the central part on
NPA bottom cell because low energy ion beam was not very stable at very small
area. Therefore we choose to mill higher area 100 nm? (square) which we found
as the minimum size of the FIB beam which gives stable and reproducible milling
of NPA. Even this surface area correspond to actual size of single NPA cell we

were not able to perfectly mill central part of the cell to get single opened pore.
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This was reason why the most of our 100 nm? milled NPA have opened 2-3 pores

as a results milling of area between several cells (Figure. 5.2b).

Figure 5.2: SEM images of the bottom surface of NPA used for FIB patterning
and nanopore sensing platform (a) bottom view of nanopore array with high
resolution image. Pore opening with FIB milling of (b) 100 nm square area (c)
2x100 nm area (d) 3x100 nm area (e) 1 xm? area Chemically opened nanopores
with 20 xm? of pore area is presented in (f). High resolution images of opened
pores are shown in insets (100 nm scale).
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The Figure 5.2c, 5.2d, 5.2e presents patterns of 2x100 nm?, 3x100 nm?
respectively with corresponding number of pores. Figure 5.2e presents NPA with
1 um? milled area showing that nanopores were opened. It also indicates that the
FIB milling just removes the barrier layer from the bottom side of NPA. Figure
5.2f is 20 um? square with high resolution image showing open nanopore array
which is removed chemically etching by 10% phosphoric acid for 30min. The
number of nanopore in this sample is determined by SEM characterization
considering that each 100 nm square pattern contains 2-3 nanopores, SO we can
also define the nanopore surface area in terms of number of nanopores available
in the pattern. So for pattern of 100 nm? 2x100 nm?, 3x100 nm?, 1 pm? and 20

um? the number of pores increases respectively.

5.3.2. Characterization for surface modification inside nanopore array

FTIR spectra of NPAs before after modification with phosphonic acid
(PHA) were taken to provide evidence of surface modification of NPA, which is
required for immobilization of biosensing molecules inside nanopores [24, 25]. To
achieve selective immobilization of probing biomolecule (streptavidin)
specifically inside nanopores of prepared NPAs a special surface functionalization
process has been developed which includes: modification of NPA with PHA,
activation of COOH with NHS/EDC and covalent binding of streptavidin/biotin

[25]. Details are presented in Chapter 4 section 4.3.2.

5.3.3. Impedance spectroscopy characterization of nanopore array

In order to characterize the label free sensing performance of FIB

fabricated nanopore array with protein molecules, a series of electrochemical
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impedance spectroscopy measurements has been carried out [26]. To have the best
fit from obtained impedance measurements a simplified electrical model has been
established and presented in Figure 5.4. The equivalent circuit contributes to
simulate practical impedance value circuit consists one series resistance with two
parallel resistances and capacitance [27-29]. The total impedance could be
expressed with the following equivalent circuit where Ry is the resistance for the
buffer of the cell; R, is resistance for array of nanopore [30]. As we increase the
diameter of the pore the value of pore resistance reduces but at the same time it
also increases if we vary the length of the nanopore array [25]. The detailed
information about the equivalent circuit and the pore resistance is been given in
Chapter 4 section 4.2.4.

The collected impedance value for different number of pores/ working
area shows the change in impedance with range of frequency. All NPA nanopore
arrays of 100 nm? 2x100 nm? 3x100 nm? 1 pm? and 20 um?® were used to
explore the change of impedance of NPA depending of number of opened
nanopores. The impedance graphs form these samples were obtained for broad
frequency range from 0.01Hz to 1MHz. The changes at low frequency range (0.01
Hz to 1 KHz) show significant influence of frequency on impedance signal. These
impedance changes are minor for the NPA sample scanned at high range of
frequency (100 KHz — 1 MHz). These results indicate that biosensing
measurement using nanopores should be performed at frequency range (0.01 Hz
to 20 KHz). The impedance biosensing measurements were performed from these
NPA nanopore platforms with streptavidin modified after addition of series of
biotin concentrations from 0.2 uM to 29 uM to explore the influence of number of

nanopores on biosensor sensitivity. The resulting impedance showed the
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characteristic frequency dependence of the sensing performance as shown in

Figure 5.3.
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Figure 5.3: Impedance vs frequency plot obtained for NPA sensing platform in
buffer with different number of opened pores prepared by FIB milling bottom part
of NPA (100 nm to 1 zm?) and chemical etched (20 xm?). The graph shows the
differences in impedance value at lower range of frequencies (inset).

To provide better understanding of influence number of nanopores on
biosensing performance The Nyquist plot (Z real Vs -Z imaginary) at constant
concentration (0.2 uM) of biotin is created and presented in Figure 5.4. The
Nyquist plot shows an increase in impedance with decreasing number of pores or
working area as presented in other previous studies [12]. The experimental value
was simulated by software [31] as detailed in Chapter 4 section 4.3.3. using the
suggested equivalent circuit (Figure 5.4) to obtain the best-fit pore resistance (Rp)
for the nanopore at particular concentration. The R, value of a nanopore is

observed to increase in resistance with decreasing the number of pores or working

area.
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Figure 5.4: Nyquist plot obtained for NPA with different number of pores of NPA
at constant concentration of biotin (0.2 M) and proposed equivalent circuit is
used to simulate the impedance data.

The experimental data was simulated against the equivalent circuit and

find out the exact value for the pore resistance. The R, value of a nanopore was

obtained as below table:

Working Rsol () | Rp(Q) Ren () | Cp (F) Crn (F)
Area (nm)

Control 5.35x10° | 11.02x10° | 9.43x10° | 5.29x10” | 6.10x10®
100 5.20x10° | 9.81x10° | 8.81x10° | 6.5x10™° | 1.55x10®
2x100 5.28x10° | 8.09x10° | 7.22x10° | 1x10° 4.78x10°®
3x100 5.18x10° | 7.48x10° | 6.54x10° | 1.11x10°® | 7.81x10”’
1000 5.02x10° | 6.02x10° | 5.72x10° | 2x10™° 2.68x10”’
20000 5.11x10° | 3.12x10° | 4.22x10° | 4.38x10° | 5.24x10°®

Table 5.1: The extracted value for all the components of equivalent circuit for
different working area.
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The impedance data shows one small semicircle at higher frequencies and
the remaining points are tending to make another big semicircle at low
frequencies. Due to the increase in signal to noise ratio and electrical double layer
we were unable to take spectra at very lower frequencies below 0.1Hz. It is
observed that the other remaining points are not the part of the tail but it is an

incomplete semicircle.
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Figure 5.5: A Schematic of Nyquist plot obtained from NPA EIS measurement.

In Figure 5.5 it is shown schematically how the remaining semicircle will
be completed with the data points. In these two semicircles the first semicircle
shows the impedance of the bulk of the membrane, the second semicircle
represents the membrane-solution interface. In our system reducing the number of
pores or active surface area in the system enhances the sensitivity and provides
clear difference in impedance within the lower range of concentration. While a
larger working area or higher number of pores provides increased bulk properties

of the nanopore array and it is hard to distinguish the minor changes that happen
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inside the nanopores. In case of 1 um? and 20 um? nanopore array areas we find a
rapid decrease in the resistance of the system, which represents the bulk properties
of the nanopore array. We calculated AR by subtracting value of pore resistance
AR = Rg- Rx where Ry is without biotin and Ry is at particular biotin
concentration. A linear relation between AR and concentration is observed in the
lower range of biotin concentration with the signal becoming saturated at higher
concentrations of biotin (Figure 5.6).

It also important to state that further reduction in working area below 100
nm (2-3 nanopores) reduces the rate of diffusion of ions across the nanopore array
[32, 33]. These results are very small and undistinguishable impedance signals
from nanopore due to the high resistance values for surrounding alumina material
with non-opened pores. This signal is similar to the control NPA sample without
of pore opening. Increasing the number of pores shows the reduction in the system
resistance with lower impedance value and thus has high diffusion of ions across
the membrane. However a large number of nanopores from nanopore arrays also
do not provide a distinct difference in biosensing. The exposed nanopore array of
1 pm? or 20 um? in area have around 250 to 50000 of closely located nanopores in
it and provides the combined effect of all the pores together [34, 35]. The changes
observed in EIS for different working areas of the nanopore array were very
significant even at the lower concentrations of biotin. However, the detection limit
(0.2 uM) can be achievable by using minimum of 100 nm? (2-3 nanopores) area
of nanopore array. The large nanopore arrays have early saturation concentrations

(above 5 uM) but small working area array can have high saturation concentration

(above 25 uM).
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Figure 5.6: Graph showing response (pore resistance AR) of prepared NPA
nanopore biosensors with different number of nanopores for various
concentration of biotin.

The impedance measurement for frequencies between 1 Hz — 20 KHz can achieve
a significant change between two different nanopore arrays with only 3-10
nanopores in it. We believe that further reducing the number of pores for
biosensing will require a signal probe to achieve reliable measurement. This label

free impedance sensing method doesn’t require any labelled markers for signal

enhancement, and it is very simple, fast and reproducible.

5.4. Conclusion

The impact of the number of nanopores on the label free biosensing
performance of a nanopore impedance biosensor for the detection of biological
entities such as protein molecules is evaluated. The sensing device was based on a

four-electrode electrochemical impedance system integrated with a nanopore
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array-sensing platform functionalized with streptavidin, which specifically binds
to biotin. The sensing principle was to measure changes in resistance as results of
binding reaction without of use redox probe. The results show that measuring
biotin concentrations from 0.2 uM in PBS buffer solution using a small sample
volume (100 L) can be successfully achieved without using any labelled marker
of signal enhancer redox probe. The lower concentration below 0.2 uM was not
distinguishable because of the limitation of the detection in this system. In this
study it was found that small number of nanopores prepared by FIB milling area
of 100 nm? to 3x100 nm? compared with large area of nanopore arrays are more
sensitive for resistance based impedance label-free biosensing. The signal to noise
ratio and electrical double layers are the limiting factor in such type of impedance
biosensing and can be further improved by improving the FIB milling process and

the design of device.
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Chapter 6

DESIGNING AN IMPEDANCE
BIOSENSING DEVICE
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6.1. Introduction

This chapter describes designing a new two-electrode impedance sensing
system based on bio-functionalized nanopores arrays. In our previous
experiments, we used a commercial four-electrode system (Inphaze Pty. Ltd.).
Obtaining impedance measurements using special electrochemical cells has
limitation for miniaturization and sensor development. Therefore, a two electrode
system is highly desirable. The two-electrode device can be realized by
coordinating impedance programs that apply the excitation signal, captures the
output signals, and extracts amplitude and phase (impedance) information. The
requirement of scaling down the electrode size and device volume was discussed
in Chapter 1. Impedance sensing measurements have been made with 4 and 2
electrode configurations, with each configuration providing unique information
about the cell-electrode-electrolyte system. In two-electrode measurements,
current is passed between the same pair of electrodes as is used for the voltage
measurement. Two-electrode measurements are very sensitive to changes at the
electrode interface, but the formation of electrical double layer and other parasitic
capacitances means that low frequency measurements are difficult to obtain with
this setup [1-3]. In a four-electrode system an oscillating signal is applied between
the two reference electrodes and the impedance is measured across the two
working and counter electrodes[4, 5]. Physical separation of the current and
sensing electrodes in the four-electrode configuration results in reduced parasitic
double layer impedance, especially at lower frequencies. Most impedance based
biosensors in the literature use the two-electrode configuration and only a few
four-electrode based systems have been reported [6, 7]. The main advantage of the

four-electrode setup is that the double layer capacitance at the current electrodes
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does not play a part since the current and sense electrodes are physically separated
and therefore it can be ignored [8, 9]. In the two-electrode system the current and
voltage electrodes are the same and therefore double layer capacitance cannot be
ignored, especially at the low signal frequencies.

To address these limitations reported in previous studies few designs have
implemented multiple independent electrode measurements [10]. The design of a
developed system with three electrodes each having diameter of 4 mm has been
reported [11, 12]. The large sensing electrode results in an averaging effect, if
electrodes are in micro size. Giaever and Keese have developed the electric cell
substrate impedance sensing (ECIS) technique into a commercial system
(available through Applied Biophysics) that allows real-time impedance
measurements inside a humid incubator [13, 14]. A variety of electrode designs
have been developed, including single electrode devices and a device with two
independent working electrodes [15-18]. This chapter details the fabrication of a
simple two-electrode system which requires very small system volumes as well as
the small quantity of sample. It also has a comparison of the electrochemical
performance with available complex four-electrode systems. All these previous
designs are considered and the new device is designed such that it is suitable for
miniaturization and combination with simple microfluidic set-ups. The
commercial devices are complex and need expertise to do measurements. So a
simple cost effective and small size device is required for improving the capability

of sensing of the biological molecules as well as characterization of NPA.

6.2. Device fabrication

The two-electrode device was made from Plexiglass material at the
workshop of School of Chemical Engineering, Adelaide University. This
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fabricated device contains 2 small chambers with a volume of (400 uL) each
which is schematically presented in Figure 6.1a and photos 6.1b. The size of the
electrode is also reduced by four times when compared to the commercial four-
electrode cell. One part of the device contains one inlet and outlet for the injection
of the electrolyte solution. These inlets and outlets are sealed by plastic micro
tubes fittings. At the center part of the cell a large O-ring is present to hold the
nanoporous alumina membrane (NPA) sample and seal the chamber while
measurement. The NPA is sandwiched between the two cell chambers by these O-
rings. The entire device is held together by four steel nut and bolts. Each of these
Is at a corner of the device as shown in Figure 6.1 and provides support to hold the

sample in between the two chambers of the device.

Figure 6.1: (a) Schematic of the two-electrode device shows the basic sketch of
the device and arrangement of electrodes and sample (b) an optical image of the
original device showing various parts of the device.

6.3. Experimental characterizations

The experimental characterization of NPA array and its EIS
characterization after surface modification with biological molecules are

described in this section.
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6.3.1. Materials and methods
As detailed in Chapter 4, Section 4.2.

6.3.2. Fabrication and photolithographic patterning on NPA

NPAs were prepared by a two-step anodization process using 0.3 M oxalic
acid as electrolyte at 0°C as described in Chapter 3 (section 3.2.1). The fabricated
NPA was patterned on the back side with photoresist using photolithography to
prepare a 20 um area with the opened nanopore array as described in details at

Chapter 3 (section 3.2.2).

6.3.3. Surface modification inside nanopore array and preparation of

biosensing platform

Surface modification of NPA nanopore array was performed by series of
steps of using phosphonic acid and plasma cleaner as detailed in the Chapter 4
(section 4.3.2). The nanopore wetting of the NPA and modification with N-
hydroxysuccinimide (NHS), 1-ethyl-3- (3-dimethylaminopropyl) carbodimide

(EDC) also been detailed in Chapter 4 (section 4.2.3).

6.3.4. Two electrode biosensing measurements by impedance spectroscopy

Electrochemical measurements were carried out using an EIS spectrometer,
(Inphaze, Pty. Ltd. Sydney, Australia) with a two-electrode system which is
specifically designed for EIS characterization of NPA in this chapter. The gold
foil formed the working and counter electrodes in each side of the cell, reference
electrodes was also paired with working and counter electrode. The distance
between the counter and working electrodes from the sample was 4 mm which

was very small in comparison to the commercial device which has a separation of
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3 cm. The nanoporous array was sandwiched between two cell chambers filled
with the PBS buffer solution (400 uL each). The working and counter electrodes
were respectively placed at the end of two chambers (Figure 6.1). An equivalent
circuit is used to balance the resistance and capacitance for the entire system and
monitor the changes on nanoporous arrays surface as detailed in Chapter 4
(section 4.3.3). The bare NPA sample was used as the control sample to check the
difference in the measurement in between the 2 electrode system and 4 electrode
systems. All the EIS measurements were repeated three times to check the
reproducibility of the data in the newly developed device in comparison with 4
electrode system. Most of the experimental conditions were kept identical with the
previous studies (chapter 4 section 4.2.3). In Figure 6.2 the impedance
measurement for control sample for NPA was presented using both the electrode
system showing impedance and Nyquist graphs. Impedance graphs shows that the
values are different at the low and high frequency ranges.

(A) (B)

Impedance vs Frequency Nyquist Plot

o2E

04E

Impedance (Ohms m*2)
- Imaginary Impedance (Ohms m~2) (10~3)

Frequency (Hz) Real Impedance (Ohms m*2) (1043)

Figure 6.2: Inphaze software generated original plots taken on control NPA
sample in buffer (a) Impedance vs frequency plot for two (2E) and four-electrode
(4E) system measurement (b) Nyquist plot for two and four-electrode system
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6.4. Results and discussion

The sensing performance of the newly designed two-electrode impedance
biosensing device (Figure 6.1) is evaluated by measuring biotin molecule
concentration as a model substrate molecule. To optimize the device, a series of
experiments with different concentrations of the analytes were undertaken. The
electrodes effect on the impedance sensing on the biotin molecule by two and
four-electrode system over the range of frequencies 0.1 Hz to 10 MHz was
examined. The electrode admittance effect arises from highly resistive/capacitive
surface of the sample [19]. The parameter (bulk resistance and parasitic
capacitance) for the bulk properties can be derived from the equivalent circuit but
may not be meaningful in this measurement [20].

The inter electrode distance between electrodes in the two-electrode
system is less than 1 cm and this distance is very high for the four-electrode
system. In spite of difference in the electrode spacing, the bulk resistance of the
system scaled with length. There is noticeable difference found in the spectrum of
the two systems, as the multi electrode system is nearly a semicircle but two-
electrode system not have enough data point at low frequency range to complete
semicircle (Figure 6.3). One possible explanation for differences between the two-
electrode verses four-electrode measurement is that at low frequencies two-
electrode systems generate a very high capacitance and electrical double layer
effect. However the multi-electrode system is unable to provide reliable data of
the bulk properties of the system and generated high frequency data is not very
reproducible [21]. It is proposed that this non reproducible property arises due to
the asymmetry in the sensing electrode resistance/capacitance or their placement

in the system. It was observed that there is shifting of data points in the negative
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imaginary to negative real quadrant. Because these types of distortions occur in
the MHz frequency range, it may also be due to their inter-electrode interference
if electrodes are placed very close to each other. The electrochemical impedance
measurements were carried out using the two-electrode system.

The streptavidin functionalized NPA nanopore platform was used with
different concentrations (0.2 uM to 29 uM) of biotin for measurement of change
in impedance magnitudes (Z) at different frequencies in both the system (2E and
4E) to find clear changes in the sensitivity of the system. After reaction between
streptavidin and biotin, the recorded impedance magnitude graphs showed

characteristic concentration and frequency dependence.
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Figure 6.3: (a) Nyquist plot for four-electrode system measurement having the
almost semicircle structure at various concentrations of biomolecules (b) Nyquist
plot for two-electrode system for various concentrations of analyte molecules
(biotin), lacking the data points at low range of frequencies, Nyquist plot of
control sample bare NPA (inset).

In the four electrode system it was observed that at high frequency range
above 1 kHz to 10 MHz the impedance signal does not have any distortion or

noise in the signal. However, within the high frequency range all the points
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overlap and no significant differences are observed due to the overlapping of the
bulk properties of the system. The Nyquist plot in Figure 6.3a obtained from the
four electrode measurements shows a clear change in the concentration at lower
range of frequencies. The two-electrode system shows lower signal to noise at low
frequencies (0.1 Hz to 1 kHz) but has one small semicircle for high frequency
range above 1 kHz to 10 MHz and the other uncompleted big semicircle defined
the different concentrations (Figure 6.3b). In both cases, the Nyquist plot shows
an increase in the diameter of semicircles with a decrease in the concentration of
biotin molecules. To understand the difference between Nyquist plots for two-
electrode systems and four-electrode systems, a schematic diagram is proposed in
Figure 6.4. If the collected data from the four-electrode system is compared to the
schematic plot (Figure 6.4b red line) it was observed that the available data points
have very tiny semicircle at high frequency zone which represent the negligible

effect of the generated electrical double layer resistance and capacitance.

= Four electrode measurement
(A) (B)
= Two electrode measurement
------ Expected data line

High frequency Low Frequency - N

-Z"0
-2

70 Za

Figure 6.4: A Schematic diagram of Nyquist plots (A) the zone for high frequency
(1 kHz to 1 GHz) and low frequency (0.01 Hz — 1 kHz) (B) difference between the
measurement of two-electrodes and four-electrode systems.
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Most of the data fits a perfect semicircle. In this case the bulk properties of
the material are very tiny and the measurement for the sample can be done at
small range of frequencies. On the other hand with two-electrode measurement
(Figure 6.4b green line) the effect of electrical double layer resistance and
capacitance is very high and produce a bigger semicircle as compared to four-
electrode system and the data points are lacking at very low range of frequencies.
The data points from these measurements tend to have a big semicircle which is
incomplete in this case. The trend for the semicircle is indicated by the blue dotted
line in Figure 6.4b.

The difference in the sensitivity and the sensing properties of these two
different systems can be illustrated by the impedance vs. concentration plot
(Figure 6.5) at constant medium frequency (to have optimal sensing) of 1 kHz.
The concentration range used is plotted on the x axis and the collected impedance

(2) inQonY axis.
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Figure 6.5: At constant frequency of 1 KHz, concentration vs. impedance plot for
two (2E) and four electrode (4E) systems.
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It was observed that both systems exhibit noticeable changes at small (0.2
uM to 5 uM) concentrations and the value of impedance decrease with increasing
concentration. Once the concentration was increased above 10 uM the signal
started to show saturation in the impedance value in both systems, but four-
electrode systems saturated more quickly than the two-electrode systems. There
was decrease in the impedance value with concentration and after 40 uM the
signal started to be stable and no further changes took place at high concentration.
This point is observed as the saturation point for the nanopores in this sensing
arrangement. To use the NPA as biosensing platform we need to find out the
value of pore resistance for the system. R, is a key parameter related to changes
inside the nanopore because the active binding sites for the analyte are only
available inside the nanopore. The values for R, obtained after simulation with
equivalent circuit. The detailed information about Rp and equivalent circuit is
discussed in Chapter 4 (Section 4.3.3).

24

R?=0.9483

R?*=0.9814

0 5 10 15
Biotin Concentration puM
Figure 6.6: Graph showing changes of pore resistance AR of NPA biosensor with
biotin concentration with 2E and 4E system for NPA biosensing at lower

concentration (0.2 — 15 uM) of biotin show the significant linearity between
actual pore resistance AR and biotin concentration.
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To compare the sensing capability for both systems, we calculated AR by
subtracting the value of pore resistance AR = Ro- Ry where Rq is without biotin
and Ry is at a particular biotin concentration. A linear relationship between AR
and concentration is observed in the lower range of biotin concentration with the
signal becoming saturated at higher concentrations of biotin. As it is known from
Figure 6.5; the four-electrode system saturates earlier than the two-electrode
system (in terms of sensing) so is the results are not very linear when the
concentration of analyte is high. At the same place two-electrode system has
better linearity (R*= 0.98) in long range of concentration (0.2 uM to 15 pM) as

shown in graph (Figure 6.6).

Multi electrode sys‘!e’m‘ —
0.01Hz 10Hz 100Hz 10KHz 1MHz

xJo electrode system

Figure 6.7: Schematic for the optimal frequency range for the 2 E and multi
electrode (4E) system.

The advantage of the two-electrode system is its ease of use; small device
and system volume. It lacks data at the low frequency zone because of the
generated electrical double layer effects at the sample surface and parasitic
capacitance, but can be used for high frequency measurements. The four-electrode
system has the advantage of having data analysis at low frequency and very
negligible electrical double layer and parasitic capacitance effect. The four-
electrode system is good in the low frequency zone but measurements of the bulk

properties of the sample which generally took place in high frequency zone (10
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kHz to 1 GHz) are not possible. The optimal range for both systems is in between

1 Hz to 10 KHz (Figure 6.7).

6.5. Conclusion

The newly developed two-electrode device with the specific functionalized
biosensing molecules inside the nanopores was characterized for impedance
biosensing application. The obtained EIS biosensing measurements were
compared with a four-electrode electrochemical impedance system. It was
observed that there is some agreement in the results with two- and four-electrode
systems on their overall sensing. Both electrode systems have their advantages
and disadvantages but can be used for the sample measurement at optimum
frequency range. The type of sample and their morphology also determines which
system is more suitable. The two-electrode measurement is much more
susceptible to large amounts of surface capacitance and double layer effects but
for multi-electrode systems there is a negligible amount of offset resistance
generated at high frequency range and the bulk properties of the sample is
suppressed at the real impedance axis in the Nyquist plot. The multi-electrode
measurement establishment of the true dielectric constant for the sample and
extreme care is required to take data with multi-electrode system. The presented
device provides direct, fast and label-free detection of biomolecules, using small
system volume, without complex analysis and processing. The measured
impedance is in close agreement with the theoretical concept, and offers a
sensitive and reliable detection method. Further optimization is required which
can be done by designing a system with micro electrodes to improve these

disadvantages.
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7.1. Introduction

Nanofluidic techniques enable extreme miniaturization of devices and
enhanced analytical performance. These devices offer high sensitivity and
reproducibility, low consumption of expensive, rare, or hazardous chemicals, and
less energy on a single integrated device [1, 2]. Coupled with advanced analytical
techniques, they offer potential in applications from point of care to single cell
analysis, and other examples where resources are limited [3, 4]. The incorporation
of biological membranes and synthetic nanochannels (alumina nanopores) in a
device will create new opportunities for advanced analytical applications [5, 6]
due to the increased surface area and reduced use of chemical reagents [7, 8].
Nanofluidic devices may also manipulate cell entities such as proteins, nucleic
acids and cell organelles, and previous research has shown that high-resolution
analysis is possible using ion source and electrochemical detection [9]. Single-cell
analysis can be achieved by integration of several biochemical steps into a micro
total analysis system (UTAS) on a single chip [10, 11]. However, it is difficult to
handle and manipulate single cells in microsystems, since very small volumes are
involved in the analysis [12]. The genome of any simple organism may contain
thousands of base pairs and it is even more complex in higher species [13, 14].
Consequently, an integrated nanofluidic chip is a useful approach to handling
these tiny volumes of complex cell material without damage or loss. Ideally, all
steps from cell lysis to analysis of the molecular cell contents, including DNA
analysis, are needed on a single integrated chip [15-17]. Furthermore, integration
of several devices for parallel analysis for different molecules is an attractive

prospect.

A number of sophisticated fabrication tools have been used to fabricate

151



nanochannels in recent years [18]. E-beam lithography followed by etching has been used
to prepare nanochannels (and nanostructures within nanochannels) with certain
limitations of length and depth (depends on reactive ion etching (RIE) techniques) [19].
Nanoimprint lithography is capable of producing nanofluidic channels with dimensions of

10 nm in width [11, 13, 20, 21].
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Figure 7.1: (a) Schematic representation of microfluidic chip integrated with FIB
made nanochannel. (b)The cells are trapped in micro-channel for cell lysis (c)
collected DNA and protein sample was analysed by (d) Nano-Drop instrument.

In this chapter, a suitable technique for the fabrication of nanochannels
using focused ion beam (FIB) milling is been described. The prepared devices
offer an integrated micro- and nanofluidic system, with features that enable
several functions performed during chemical analysis (sample preparation, fluid
handling and injection, separation, and detection) and new potential for the next
generation of analytical chips [22, 23]. In this paper, we demonstrate a chip that

is capable of flowing, capturing, and lysing microbial alga cells, before separating
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the genetic material via flow through a nanochannel. The schematic of the
micro/nano-system (Figure 7.1) shows the flow of sodium chloride and alga cells
into the micro-channels and diffusion of NaCl through the nanochannel for cell
lysis. The collected raw material is analysed using a bench top Nano-Drop

spectrophotometer and UV/VIS spectrophotometer.

7.2. Experimental methodology

7.2.1. Fabrication of micro-channel by photolithography

Microfluidic chips were prepared in Quartz (Viosil, from Shin Etsu, Japan)
slide coated with chromium and gold. It was first spin-coated with AZ 1518
photoresist (Delta 80, from SUSS MicroTec) and then baked for 1 min at 105 °C,
the UV exposure is carried out at 340 nm by (EVG 620) Mask Aligner at 120 mJ
cm?. The exposed chip was developed using MIF 726 (Micro-chemicals). The wet
chemical etching of the pattern is then achieved using hydrofluoric acid (HF) for
12 min to achieve 15 — 18 um depth of the micro-channel. After HF etching, the
gold layer was removed using a mixture of 4:1 of Kl and I, and Cr was removed
using ceric ammonium nitrate. The access ports were drilled using abrasive
powder blasting in the cover slide and the slides were then bonded at 1100 °C in a

vacuum furnace.

7.2.2. Nanochannel fabrication by FIB milling

The nanochannels were patterned by FIB milling using a Helios NanoLab
600 Dual Beam instrument (FEI Company). After photolithography the chip was
again sputter coated with 40 nm thick Cr layer to have good control over the ion

beam milling and imaging of channel [20]. 100 nm width and 250 nm depth
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nanochannel was milled into a quartz substrate through a 40 nm thick Cr film
using an ion beam probe with a beam current of 20 kV and 0.17 nA on milling
pattern of 100 nm width and 500 nm depth. Before milling the nanochannel to
connect the two microchannels an extension (Figure 7.2d) of 5 -10 um was milled
to control the distance between the two big microchannels and provide a flat and
smooth surface for final milling of nanochannel. The milled nanochannel has
triangular shape in the cross sections. Operating in this mode, the width of the
nanochannels depends on the input pattern of the milling. The obtained milled
area depends on Cr film thickness and ion beam current. It is controlled by the

user-defined width of the scan area.
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Figure 7.2: Schematic representation of fabrication of microfluidic chip by
photolithography (a,b) and followed by FIB milling to extended micro-channels
and join them by making a nanochannel in between them (c,d).

7.2.3 Cell injection and lysis into microfluidic channel

A low concentration (1x10° cells/ml) of alga cells having size of 4-8 um

were injected into the microfluidic channel by use of syringe pump (Chemyx,
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Fusion-200) with flow of (2-5 ul/min). The fluorescence microscopy (Olympus
BH 2-UMA microscope, integrated with a Moticam 2000 digital camera using
Motic Images plus 2.0 software) was used to monitor the flow of the alga cells

inside the microchannel.

Trapped alga cells

Microchannels — — in microchannel

(D)

Collection of
DNA

After cell lysis of
Micro alga cells

x No Flow ™# Flow Direction

Figure 7.3: Schematic representation of microfluidic chip integrated with
nanochannel. (a) Cells and NaCl are transported in micro-channel and (b) cells
were trapped in to the small area of the microchannel (c) cell lysis (d) after cell
lysis DNA flows across the nanochannel and collected in to collection vial.

Once the alga cells were flowing inside the microfluidic channel, 100 mM
NaCl was injected with flow of 5 pl/min into other side of the microchannel. By
changing the direction of the flow of NaCl and alga cells, NaCl was flowed
through the nanochannel and reaches to the other side of the microchannel where
the alga cells were trapped. As soon as the NaCl reach to the other microchannel
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through the nanochannel it started the lysis of alga cells. The decrease in
fluorescence intensity of the cell after lysis was clearly visualised under the
fluorescence microscope. The cell movement and lysis was observed using a CCD
camera (Moticam 2000 digital camera) at frame rate of 25 frames per second.
After the cell lysis is completed, the direction of flow was changed and cell
material along with cell’s genetic material (DNA, RNA) tend to flow through
nano channel towards the other side of microchannel. Due to the narrow size of
nano channel cell material was separated on basis of their size along with other
cell material. Finally cell material flowed along the microchannel and was

collected in vials for further analysis.

7.2.4. Detection of DNA

To determine the quantity and quality of the DNA extracted by the chip a
Nanodrop Lite (Thermo scientific, Wilmington, DE, USA) and UV/VIS
spectrophotometer were used as a validation method. The quantity of DNA was
displayed, while the protein to DNA ratio was determined from the ratio of
absorbance at 260 and 280 nm, which also gives the quality of the DNA

extraction.

7.3. Results and discussion

The functionality of the nanofluidic device was tested using dye solution.
Once flow was demonstrated, indicating that the nanocahnnel fabrication was
successful, cell separation, lysis, and extraction of genetic material were carried

out, as described in the following sections.
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7.3.1 Characterization of fabricated nanochannel

The SEM images of the fabricated microfluidic channel were taken before
and after the FIB milling. In figure 4a two microchannels are shown before FIB
milling. The distance between the two microchannels was around 15- 20 um
depending on the chosen duration of the HF etching. In this way, the length of the
separation between the micro-channels can be controlled. In our case, we used
FIB to extend the microchannel segments to adjust the length of the nanochannel
and prepare a flat surface for FIB milling of the nanochannel (Figure 7.4b). Once
we have the extended microchannel using FIB, the distance between the
microchannels is much smaller and we can easily mill a nanochannel with low
energy (0.17 nA) ion beam in a very short time (2-3 min depending on the Cr
layer thickness). The magnified view of the microchannel (Figure 7.4c) shows the
milled extension of the microchannel and a triangle shaped nanochannel (inset)
with dimensions of 100 nm width and 290 nm depth and has length of 1 um. The
length of nanochannel can be varied form few hundred nanometer to 20 um. The
width and depth of the fabricated nano channel is dependent on the input
parameters of the pattern and ion beam energy. A small variation in parameter can
vary the dimension of the nanochannel; however it is also difficult to control the
ion beam form shifting due to the charging effect from the sample surface.
However use of low energy beam and recoating on the surface reduces this effect.
After making the nanochannel on the chip it was cleaned by use of Cr etchant
(ceric ammonium nitrate) and bonded under vacuum at 1100 °C. This quartz
nanochannel chip was then used in the specially designed plastic holder with the

inlet and outlet micro bore tubing (Figure 7.4d).
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Figure 7.4: SEM images of the fabricated micro and nano channels. (a)
microchannels after lithography (b) extension of microchannel by FIB milling to
achieve required length of nano channel (c) magnified image of the microchannel
and nanochannel (inset) (d) optical image of actual working device (e) red dye
testing to confirm flow through nanochannel. This device is prepared with support
of Australian nanofabrication facility South Australia node. University of South
Australia, FIB exPert Len Green at Adelaide microscopy, and mechanical
workshop at School of Chemical Engineering at University of Adelaide.

To confirm that nanochannel is working well and chip is bonded perfectly
we perform a small test with the flow of dye (red fruit dye) in the nano channel. In
one microchannel red dye was flowed rate of 10 pl/min using a syringe pump and
the other channel was filled with deionised (DI) water at same rate of flow. Once
completely filled with the aqueous dye solution and DI water, the dye solution
was pumped through the nanochannels and, after some time, the dye was observed
in the second microchannel, Figure. 7.4e. This demonstrated that the nanochannel

was unblocked and able to transport liquid between the channels.
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7.3.2. Cell flow and lysis

The algal cells were injected into the microchannels (no.1) with controlled
flow of less than 5 ul/min. Once the microchannel is filled with cell and maintain
the flow of alga cells, NaCl was flowed in the other microchannel (no.2) at a flow
rate of 10 ul/min. once both microchannels were filled and flow was maintained
continuously, we trapped a few alga cells in the small extended ‘beak’ of the
microchannel by changing the direction of the flow by the syringe pump. Alga
cells contain chlorophyll, which is fluorescent under the green fluorescent light at
735 nm, so the alga cells can be observed using fluorescence microscopy Figure
7.5a. The trapped alga cells in the microchannel beak are shown in Figure 7.5b
(fluorescence) and 7.5c (optical). Once we have the alga cells trapped in the
microchannel, injection of extra alga cells was stopped and the unwanted cells
were removed from the microchannel by washing them with water. The cross
flow of NaCl solution was started through nanochannel (as schematically shown
in Figure 7.3b). The flow rate was maintained very low to keep the trapped cells
in their place. An alga cell is large in size (more than 20 um) and the low flow of
NaCl solution does not move the cell. The osmotic pressure created by the high
concentration of NaCl caused the alga cell walls to rupture. Lysis of the alga cell
was thus triggered and the cell material was released (Figure 7.5d). After lysis of
the cell, the flow of NaCl was stopped in microchannel (no.2) and cross flow of
water was started from microchannel no.1 to no.2. The cell organelles started
moving towards microchannel (no.2) but due to small dimension of the
nanochannel only small size molecules can pass through. In this way we separated
the small molecules like DNA, RNA and protein along with some cell debris from

the rest of the cell material. The separated molecules are collected and used for
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further quantification of the material. However we know this collected material is
not very pure and has some damaged cell material in it. Therefore, we tested the
material before and after filtration through a 0.2 um filter, as discussed in the

following section.

(A)

1 micro Trapped cells
channel in microchannel

i
tt S I )

v

50 um

Figure 7.5: (a) Fluorescence image of alga cells shows their circular shape and
homogeneous distribution (b) Fluorescence image of trapped alga cells in the side
channel (extension made using FIB) before lysis (c) optical image of the trapped
alga cells (d) alga cells after the cell lysis. This experiment is performed with help
of PhD student Steven Amos from School of Chemical engineering, The University
of Adelaide, providing cell culture and support during cell experiments.

7.3.3. Quantitative analysis

Quantification of DNA and RNA by absorbance and fluorescence

spectroscopy is a powerful tool in life sciences. Classical methods of nucleic
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acid quantification require the filling of devices, such as cuvettes and
capillaries, with sample. Analysis of micro volume samples has become of
paramount importance as more molecular biology techniques yield
progressively smaller amounts of isolated sample and require accurate
quantification of nucleic acids with minimal consumption of sample. The
collected cell material after lysis was used to quantify the presence of DNA,

RNA and protein with a bench-top model of Nano-Drop 1000

spectrophotometer.
Type Conc. | Units | Factor | A260 | A280 | A3rd | A260/
A280

Unfiltered

RNA 4.3 ng/uL | 40 0.107 | 0.053 | 0.02 | 2.03

dsDNA 3.2 ng/uL | 50 0.064 |0.034 |- 191
0.001

Protein 0.044 | mg/ml |10 0.044 | 0.046

A280

Filtered

RNA 1.2 ng/uL | 40 0.03 |0.016 | 0.017 | 1.89

dsDNA 3.2 ng/uL | 50 0.064 |[0.036 [ 0.029 | 1.8

Protein 0.01 mg/ml | 10 001 |-

A280 0.023

Table 7.1: Nano-Drop measurements for DNA, RNA and protein molecules in the
collected sample, before and after filtration and their ratio A260/A280.

The Nano-Drop spectrophotometer uses a patented sample retention
system that holds 1ul of the sample by use of specialized micro pipette. During
the measurement, the sample was analysed at 10 mm path length to report
information about the available genetic material [24]. To optimize the
measurement we used DI water first in the measurement and then use sample on
the Nano-Drop sample holder. The ratio of absorbance at 260 nm and 280 nm is
used to assess the purity of DNA and RNA [23]. A ratio of ~1.8 is generally

accepted as “pure” for DNA; a ratio of ~2.0 is generally accepted as “pure” for
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RNA (Table 7.1). If the ratio is appreciably lower in either case, it may indicate
the presence of protein, phenol or other contaminants that absorb strongly at or
near 280 nm. It is important to note that the actual ratio will depend on the
composition of the nucleic acid. If the ratio is appreciably lower than expected, it
may indicate the presence of contaminants which absorb at 230 nm. The collected
material was also used under the UV/VIS spectrometer (Shimadzu UV-visible,

UV1601) for quantification of the genetic material.
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Figure 7.6: A wide range UV/IR spectrum for the collected raw cell material
shows the presence of DNA, RNA and other nucleotides peak at range of 230 —
290 also trace amount of chlorophyll molecules at 400 nm.

The spectrum was taken on the full range from 200 — 800 nm. A strong
peak was observed at the range of 230 — 290 nm, which reports the presence of
molecules having double bonds in their chemical structure and are organic in
nature (Figure 7.6). The DNA, RNA, other protein and nucleotides contain double
bonds in their chemical structure. The small peak at 430 nm reports the presence

of some chlorophyll molecules, which is present only in trace amounts.
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7.4. Conclusions

We have prepared a sealed nanofluidic channel (100 nm wide, 290 nm
deep, and 1 um long) in quartz using FIB milling technique, which was integrated
with wet-etched microchannels The cross-section of the channel was triangular
but it is suitable for extracting cell materials from trapped cells isolated under
flow. Cell lysis was carried out using NaCl solution and DNA molecules were
extracted from cells and through the nanofluidic channels under positive pressure.
In our experiments, sufficient DNA extraction form algal cells were achieved to
analyse the small sample with a Nano-Drop spectrophotometer. The ratio of
A260/A280 for the extracted material was 1.9 for DNA and more than 2 for RNA,
consistent with expectations. A nanofluidic channel of this kind enables the
separation of very small amounts of bio-samples [25]. Possible outcomes of this
study include integration of this kind of nanofluidic channel into a biochip,
investigation of the migration of single DNA or protein molecules, or studies of

their interactions.
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8.1. Introduction

The concept of microbacterial fuel cells (MFCs) is a unique and eco-
friendly approach to sustainable energy production. The Shewanella bacteria
metabolise organic material in anaerobic conditions and produce electrons at the
anode of a circuit to release their energy [1]. The mechanism of formation of
conductive wires and electron transfer from bacterial cell to an electrode through
these wires is not yet very clear. Most previous studies were performed using
planar electrodes for the formation of conductive nanowires and MFCs [2, 3]. The
long-range electron transport of electrons through the conductive biofilms and
microbial to electrode interaction have potential possibilities in bioelectronics [1,
4, 5] and make contribution of microorganisms for interspecies electron transfer
[4, 6]. In previous studies, bacterial biofilms were characterized as an insulating
biofilm [7, 8]. However, Geobacter species have conductivities through its
conductive pili and it can function as super capacitors or transistors [9]. The pili
of these organisms enable long-range transport of electrons up to (>1 cm) with a
metal like conductivity which has not been observed in any other biological

materials [10].

Direct measurements of conductivity in current-producing biofilms of
Geobacter sulfurreducens discovered high conductivities, as synthetic conducting
polymers. The evidence indicates that, conductivity could be due to the network
of pili. Multiple lines of evidence suggested that, surprisingly, the pili have
metallic-like conductivity [2]. Metallic-like conductivity is a new hypothesis for
long range electron transport in biological systems [11] and electron hopping

between c-type cytochromes in biofilms is well known mechanism of electron
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transfer [12]. Several studies have suggested that traditional electron
hopping/tunneling between c-type cytochromes confers conductivity to biofilms
transferring electrons to electrodes [13, 14]. However, biofilm conductivity was
not measured in any of these studies. Instead, conductivity was inferred from
measurements of electron transfer into or out of the biofilm with a single electrode
using cyclic voltammetry. It is true that the c-type cytochromes that are often
abundant in current-producing biofilms are oxidized and reduced as the electrode
potential is changed [15]. The conductivity of biofilms is an important part of the
conduction, which permits those microorganisms that are not in direct contact
with the anode [16-18]. These types of conductive networks also help in direct
exchange of electrons [19]. As we know that the pili of the microorganism is the
main contact for electron exchange with other microorganisms, which gives idea
for new approaches to stimulate and stabilize interspecies electron transfer for
various applications, such as conversion of biomass or organic wastes into useful
product methane. However the use of nanofluidic channels can be beneficial

regarding increased surface area and improved electron transport.

This work explores the growth of microbial nanowires through nanofluidic
pores of nonporous alumina (NPA). NPA is prepared with pore diameters of 60-
70 nm and length of 8-10 um. One end of the NPA nanochannel is covered with
conductive silver and connected to the circuit as an anode, while other end is open
for bacteria to grow nanowire (pili) network across the nanochannel to donate
electrons at anode under anaerobic conditions as presented in Figure 8.1. The
electrochemical conductivity is continuously measured under constant potential
which represents the change in the resistance of the nanochannel and increase in

conductivity due to electron donation by bacteria at anode. This study aims to use
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nanochannel based biosensing to get a better understanding of the mechanisms by
which microorganisms exchange their electrons with metallic electrodes. It has
potential to help in development of new technologies as well as it will offer a

better understanding for anaerobic microbial ecology.
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Figure 8.1: Schematic presentation of growth of bacterial nanowire inside the
nanochannels of nanoporous alumina membrane.

8.2. Materials and methods

Aluminum foil (0.1 mm, 99.997%) was supplied by Alfa Aesar
(USA). Oxalic acid, ethanol (Chem Supply, Australia), chromium trioxide
(Mallinckrodt, USA), De-ionized (DI) water (ELGA) was used for preparation of
all solutions. Mixed culture of geo-bacteria species (School of biological
sciences, Flinders University) and a power supply of Keithley 2400 for electrical

measurements.
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8.2.1. Fabrication of ordered alumina nanopore array

NPA was prepared by a two-step anodization process using 0.3 M oxalic
acid as electrolyte at 0 °C as described previously [20, 21]. Further details have
been provided in Chapter 3 section 3.2.1. After removal of barrier layer a thick
coating of silver is done to cover the pores from one side and provide a

conductive surface for growth of bacterial growth as shown in Figure 8.1.

8.3. NPA nanopore membrane device for bacterial nanowire

growth

A device with 2 cells was designed in which one of the cell containing the
culture media of the bacteria and other one is used for the anode contact. NPA

was sandwiched in between the two chamber cells as shown in Figure 8.2.

Electrodes

Shewanella

,,,,,,, /
- /

Nanowire

NPAM

‘ '€~ Silver contact
Culture media (Anode)

Figure 8.2: Schematic view of the actual device and the growth of bacterial
nanowire from the top through NPA nanopores towards metal electrode (silver)
on the bottom of membrane.
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The NPA was coated with silver on one end of the nanochannel to make a
contact for anode. During the growth of nano wires at room temperature, the
bacteria tend to reach the anode by elongating their nano wires and donating
electrons. The electrodes of the device are connected with a power supply
(Keithley 2400) which provides a small constant voltage (1 V) at anode to direct
the bacterial cell for growth of its nanowire. All data was recorded over time by
use of lab view software. This growth of the nanowires took 12-18 h to reach the
anode and then started to donate electron. This electron donation time is referred

to as the active phase for bacteria.

8.4. Results and discussion

8.4.1. Characterization of bacterial nanowire by SEM

The diameters and length of the bacterial nanowires were determined by
scanning electron microscope (SEM) (FEI Quanta 450). A 5 nm coating of
platinum was used for all the SEM imaging. After the completion of the nanowire
growth experiment, NPA membrane was cracked in the middle to do cross-
sectional SEM imaging of nanowires. In Figure 8.3 (a) the cross sectional images
of NPA nanochannels shows the presence of the bacterial nanowire. The thickness
of the bacterial nano wire in the image is around 7-8 nm which is very similar to
the Geobacter species. As it is known that the total length of the nanochannel was

4-5 um so on average length of the bacterial nanowire achieved in our experiment

is more than 5 pum.
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Figure 8.3: (a) The cross sectional SEM image of the NPA taken from system with
bacterial nanowire growth inside nanopores (b) Magnified view of NPA
nanopores showing bacterial nanowires inside the nanopores (c) the diameter and
length of the present bacterial nanowire. This work was performed in
collaboration with PhD student Jacqueline Rochow from Biological Sciences,
Flinders University, who supplied bacteria cells (Shewanella).

8.4.2. Transmission electron microscopic characterization (TEM)

TEM imaging (FEI Tecnai G2 Spirit TEM) is performed on the bacterial
nanowires collected using culture media in the cell after the growth of the nano
wire. The negative staining on the bacterial cells is done prior to imaging to
improve the imaging quality and contrast between the bacterial cell and other
culture media. The length of the bacterial nanowire observed was around 10 to 15
um with thickness of 15-30 nm. This indicates that the length of nanowires was
longer than the thickness of NPA membrane and could pass through nanopore

structure.
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nanowire

b\
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Figure 8.4: (a) TEM image of bacterial nano wire attached with the bacterial cell
(negatively stained) (b) magnified image of the bacterial nanowire.

8.4.3. Growth of bacterial nanowires inside nanochannels

The growth of bacterial nanowire takes place inside the nanochannels as
the guided growth of nano wires. The pili of the microbial bacteria have
morphology of 10-15 nm in width and up to 10-20 um in length. The mechanism
behind the growth of bacterial nano wire inside the nanochannels is the necessity
for the bacteria to donate electrons at the anode. In search of the anode in the
system, bacteria grow their pili until it touches the anode and donates electrons.
Figure 8.5 shows how bacterial nanowire network connects to the anode surface
and is also connected to the other bacteria for communication. The results of
earlier studies suggested that long-range electron transport through the biofilms

could be attributed to networks of pili with metallic-like conductivity.
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Figure 8.5: Schematic mechanisms for micro-bacteria (Shewanella) to transfer
electrons to electrodes. (a) Long-range electron transport through a conductive
biofilm via electrically conductive pili, accompanied by short-range electron
transfer from the biofilm in close association with the electrode surface through
redox-active proteins, such as c-type cytochromes associated with the outer cell
surface or in the extracellular matrix. (b) Electron transfer via reduction and
oxidation of soluble media molecules [22].

Long-range electron transport through biofilms via c-type cytochromes is
physically impossible because the density of cytochromes is too low and
cytochromes are spaced too far apart for electron hopping/tunneling through the
biofilm. In this way the bacterial pili are the main source for the electron transfer.
It was found in previous MFC studies that the microorganism is able to exchange
their electrons with anodes to produce an electric current by consuming culture
media to keep their respiration for survival. In previous studies it has been
proposed that microbe-electrode exchange is an unexpected result because some
microorganisms have developed effective approaches for extracellular electron
exchange with insoluble/soluble mineral material [1, 22]. The microorganisms at
the surface have long-term electron-accepting or donating capacity; this ability of
individual microorganisms to accept or donate electrons is ultimately washed-out

with time. In the mixed culture of various species including Geobacter species

express flagella because they need to continually search for new sources of Fe(lll)
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to survive [23, 24]. In the same way, it is well known that electron transfer to
electrodes is abiotic in microbial fuel cells which are designed to harvest
electricity. In a similar way, harvesting of electricity through the nanofluidic
channel may be a more efficient way of small scale energy production on

nanofluidic chips.

8.5. Electrical measurements

The measurement of the electron generation at the anode of NPA channels
was carried out by continuous measurements of the produced charge. A constant
voltage of 1V was applied at the anode to complete the electric circuit. The output
signal was recorded with Labview software over the time period microbial life
time of electron production (Figure 8.6). At the initial stage of the measurement
(first 1-4 hour) the stabilization of system takes place which is the initial stage of
bacterial cells to start attaching on the surface of the nanochannels. Once bacterial
cells start attaching to the surface of the nanochannel, the conductivity in the
system reduces and the current becomes very low. Sometimes it may block the
nanochannel and grow its pili through that channel to reach the anode. In other
terms for bacteria at this stage is in its stable metabolic stage (5-15 hour). Once
the bacterium begins to starve in the deficiency of the oxygen in the atmosphere
and the culture media it then begins to metabolize the other organic material (e.g.
sucrose, fructose) available in the culture media. Due to this metabolic process it
starts to generate the electrons and tends to donate them at the anode. At this stage
bacterial nanowires try to attach on the anode surface and to begin electron
transfer. This termed the electroactive metabolic phase, which shows a huge jump

in the electric signal with currents up to 0.7 mA generated.
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Figure 8.6: The growth curve of bacterial (Shewanella) nanowire inside NPA
nanopores through different phase of its metabolism in O, deficient environment.
The red curve represents the control sample (aerobic condition) where no
exchange of electron took place. The blue curve presents the growth of bacterial
nanowires and exchange of electron at anode.

This stage continues as long as the organic material is available to
metabolize. The amount of electricity generated depends on the number of
bacteria present in the culture media. In our experiments, it was observed that
after the 12-18 hour of electroactive phase bacteria started to die, causing a
reduction in the current. The length of the nano wire can be controlled by the
elongation of the time period of the experiment by using the high amount of the
culture media and also by making long nanochannels. The bacterial nanowires can
also work as a prototype for electronic devices which require a high surface area.
In previous mechanical studies on filaments secreted by microorganisms,

researchers have shown that these filaments have high Young’s modulus of 1

GPa. It may be interesting to study the mechanical rigidity of these filaments to
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consider their possible applications as natural template materials [11].
Understanding the mechanisms behind metallic-like conductivity of microbial
nanowires opens new possibilities for production of inexpensive, nontoxic and
organic natural electronic materials. It also has potential for better design self-
renewing electronic devices that can work in any natural condition like under

water.

8.6. Conclusion

The growth of bacterial nanowire or pili was demonstrated for the first
time through the nanopores where NPA is used as an electrode substrate. It is
found that bacterial pili grow through nanochannels to reach anode. This is the
first demonstration of the growth of conductive microbial nanowires directed by
nanofluidic channels, which not only improves the efficiency of MFCs but also
provides a new approach for synthesis of conductive nanowires using a nanopore
membrane as a template. The SEM and TEM image of the nanowires and
bacterial cells confirms that the nano wires formed inside the nanopores are
produced by the bacteria in the period of the experiment. The length of bacterial
nanowire can be controlled by varying the length of the nanochannel (4.5 um to
20 um). The control over the length of the nanowires and also on the production
energy for long time periods provides a platform to make devices with controlled
energy production. The separated bacterial nanowires have the conductive metal
like properties which can be used to make metallic contacts on the nanofluidic

devices.
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Chapter 9

CONCLUSION AND FUTURE
DIRECTIONS

181



9.1. Significance of this work

This thesis outlined the development of label free affinity impedance
biosensors using a nanofluidic NPA array. This was achieved by fabrication of
ordered NPA array by electrochemical method and its integration in a nanofluidic
device. Most of impedance biosensors are facing the difficulty of selectivity in the
high concentrations of non-target material even though we know that we can
overcome this problem by using labels and/or labelled secondary targets. In both
situations it requires extra time and sample preparation which increases the whole
system complexity. This is common to most of the label-free affinity sensors.
Therefore this thesis is focused on addressing these limitations by study of the
specific objectives including investigation of the geometry (diameter, length and
working area of NPA) on bio-impedance measurements. Fabrication of
nanofluidic devices on quartz using FIB milling approach for its application in
single cell detection and manipulation was another focus area for further
application and integration of nanofluidic device with NPA. These objectives
were achieved through several studies including fabrication of NPA by
anodization method, FIB milling, photolithography. and detailed in chapters 3-8

as listed below:

e Fabrication of NPA and its electrochemical characterization by use of EIS
spectroscopy is successfully completed (Chapter 3) which provides
information about the change in conductance with decreasing the nanopore
size. The lengths and diameters of the nanopores is found to be crucial for

their electrochemical properties.
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The fabricated NPA were further used in testing their biosensing
performance (Chapter 4 and 5) with various dimension and number of
nanopores to find optimised pore dimensions of NPA for biosensing
applications It was observed that small diameter (25 nm) with an optimal
length (5-10 wm) provide best performance to detect the lowest
concentration (0.2 uM) successfully. Further reduction in the number of
nanopores improves the sensitivity of the system with very small volume
(10-100 pL).

The fabrication of simplified two electrode nanofluidic device was
achieved (Chapter 6) and compared with commercial four electrode
system. Both the systems have its advantages and disadvantages with
portability, complexity and accuracy with measurements. It was observed
that newly developed miniaturized nanofluidic device perform better with
use of small volume (total device volume 800 pL) in comparison with
complex device with large volume (5-6 ml).

A new kind of nanofluidic device was fabricated on quartz with the help of
photolithography and FIB milling. It was a successful device having
nanochannel of 1 um length, 100 nm width and 290 nm depths. Cell was
separated and lysed to obtain its genetic material by the use of fabricated
nanofluidic chip (Chapter 7).

The fabricated NPA array was also used to grow demonstrate for the first
time the growth of bacterial nanowires inside its nanopores. The grown
nanowires were separated and their further applications were proposed

(Chapter 8).
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9.2. Recommendations and future directions

The mechanisms behind the affinity interaction of bio-analytes which
changes the interface impedance is not well understood and need to be further
studied. This knowledge will help to optimize designing biosensing devices with
advanced performances. Most of recent publications present a brief theoretical
model which supports their own experimental model and observations. There are
no reports which present the studies of a particular impedance change with diverse
probe/target arrangements and verify expected results. The impact of electrode
size, shape and essential measurement frequency range with precision mainly
depends on the target molecules and instrumentation. Optimizing these parameters
may allow detection of smaller changes, which may lower the detection limit. A
very limited number of reports are published in implementing nanopore arrays of
affinity impedance sensors (Chapter 1 [22]). However, nanopore arrays are
valuable for several reasons. The increased surface area by use of nanopores for
the target molecules and availability of more affinity binding sites it also help to
improve reproducibility and accuracy of the sensor. This increased affinity and
reproducibility will be advantageous for diagnosis, reduced cost and sample
volume per data point.

After a long period of research and development there is no any biosensor
available commercially, based on label-free affinity impedance biosensing. To
achieve that goal, progress on reducing the sample volume and optimize existing
affinity impedance biosensors is still required. As demonstrated, the greatest
challenges are in optimizing the biological side (affinity step), and others are on
the physical side (measurements methods). Nonetheless all need to be solved to

improve entire system.
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Future research in electrochemical label-free affinity biosensors should
aim for better applications. The reduction of cost, size with low power
consumption along with simplified sample preparation is very important for use of
these types of devices. The work described in this thesis could be expanded in
many ways. A small amount of significant research has been done due to the
nascent field of impedance biosensors. The observation shows that changes in the
impedance can indicate target binding and sample surface morphology are
responsible for any changes in the sensing ability of the device. It would be
interesting to study whether constant sample surface changes actually derive from
target molecules with the minimum potential of the electrical double layer
capacitance as it is have hypothesized in the chapters. If so, impedance may be
used to detect surface changes on the sample as the ionic strength can be high
during the measurement.

It is also important to understand that system can be engineered to enhance
the changes measured and hence improve the detection limit. With the use of
advanced electrical measurement devices, the causes of impedance change can be
observed more clearly and it would improve limits of detection. At very small
sensor sizes, the target binding may be detected more precisely. It would be
interesting to consider electrode scaling in more detail and processing sensor data

to eliminate false signals is a challenging area that merits further research effort.
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