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ABSTRACT

Electrochemical sensing systems are advancing into a wide range of new applications, moving
from the traditional lab environment into disposable devices and systems, enabling real-time
continuous monitoring of complex media. This transition presents numerous challenges ranging
from issues such as sensitivity and dynamic range, to auto-calibration and antifouling, to
enabling multiparameter analyte and biomarker detection from an array of nanosensors within a
miniaturized form factor. New materials are required not only to address these challenges, but
also to facilitate new manufacturing processes for integrated electrochemical systems. This paper
examines the recent advances in the instrumentation, sensor architectures and sensor materials in
the context of developing the next generation of nano-enabled electrochemical sensors for life
sciences applications, and identifies the most promising solutions based on selected well

established application exemplars.



I. INTRODUCTION

There are increasing demands for sensing systems that are capable of fast and reliable detection of
extremely small quantities of chemical and biochemical targets for applications in environment,
security, food safety and medicine. Detection of many of those targets is challenging due to: the
complex media in which they are located (i.e. including many interfering species), the high
sensitivities and sometimes large dynamic ranges required, the need for the devices to remain
functional for extended periods for continuous monitoring applications, the increasingly small
form factors of both the instrument and sensor, and the low cost of materials and manufacturing.
The challenges of the above user requirements specifications demand a holistic approach to sensor
and system development, which includes codesign of the sensor architecture and materials with
the instrument. The specification of the sensor materials and design requires a detailed user
requirements specification, while the instrument design addresses the specific characteristics of
sensor material and configuration. This paper examines the complex issues involved for the
development of integrated electrochemical nanosensors for analysis of complex media, and
provides an analyses the emerging solutions from the extensive published scientific literature on
electrochemical sensors. While electrochemical sensors can, in principle, be fabricated quickly
and at low cost, the literature provides a rich source of information on the merits and issues
associated with the diverse range of materials, fabrication methods and integration strategies. The
main aim of the paper is to deconstruct electrochemical sensor systems into the essential building
blocks that are necessary to achieve the user requirements specifications for a given application
scenario, including performance, cost, size, number of parameters being measured, etc., and to
provide guidance on optimal solutions previously described for each of the required building

blocks.



Il. INSTRUMENTATION

A. Smart instrumentation for nanosensing technologies

Accurate analyte detection and quantification relies on the chemical sensor behavior resulted from
the electron transfer processes between the working electrode and the solution/environment under
investigation. This behavior can be complex in particular for electrochemical sensors, where a
non-linear diffusion response occurs upon application of a stimulus. The electron transfer which
occurs causes a redox chemical reaction whose behavior is governed by Faradays Law and is
termed Faradaic Current.! This istypically the process that contains the information on the analyte

detection/quantification and is described by the following equation.
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Where ir is the Faradaic current in Amperes, Q is the charge in Coulombs, t is the time in seconds,
n is the number of electrons transferred, F is Faradays constant and N is the number of analyte
moles transferred.?

However, measurement of this current is complicated by a nhon-faradaic current component.
It is attributed to an electrical double layer capacitance and adsorption/desorption processes which

form between the electrode and sensing environment and is governed by Ohms Law.
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Where ine is the non-faradaic current in Amps, V is the applied potential in Volts and Z is the
electrode impedance in Ohms.

In this process, electrons are not transferred physically across the electrode interface, ions
in the solution rearrange themselves to compensate for the charge introduced through the
immersion of an electrified electrode in the solution.® This phenomenon results in the formation
of the double layer capacitance, which is made up of the electrical charge at the electrode surface
and the ions of opposing charge that are located close to the surface. The double layer capacitance
depends on the electrode surface area and structure, analyzed solution composition and applied
potential, and can be quite significant. For instance, a typical specific value of this capacitance for
a clean platinum surface in contact with 1M aqueous electrolyte solution takes around of 40Fcm’
2, thus the double-layer capacitance of a 1mm radius disk electrode will be approximately 1F.2 The
cumulative sensor current will combine both the Faradaic and non-Faradaic responses. Here the
capacitance current manifests itself in a surge in current which will mask the Faradaic current of
interest. The impact of the non-Faradaic processes can be reduced through use of potentiodynamic
techniques that have a pulsing scheme superimposed on the stimulus. Upon application of a pulse,
the non-Faradaic charging current component will decay in an exponential manner according to
(equation 3) with a time constant R,Cai, where Ry is an uncompensated resistance that arises due
to factors such as the inherent resistivity of the analyzed solution, working electrode material and
the electrical lead which connects the electrode to the instrumentation* and Cg is the double layer

capacitance.
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The charging current will interfere in the useful signal measurement and reduce the limit of
detection. Therefore, this places a stipulation on having a signal measurement at the time that is
much greater than double-layer capacitance time constant RyCq when the charging current can be
negligibly small compared with the Faradaic one. Techniques exist to further reduce the non-
Faradaic current impact such as differential pulsed voltammetry whereby current measurement
occurs immediately before and after application of a set of voltage pulses. The following sections
describe the range of potentiometric and amperometric techniques that are available and widely

used with nano-sensors.

B. Impact of a move to nanoscale sensing on the instrumentation requirements

If one considers the trend in reducing the size of the electrode area from macro to micro and, in
more recent times, to nanoscale dimensions, consideration must be given to a variety of factors.
Wang et al.> have detailed the advantages of miniaturization and highlighted how the capabilities
of electrochemistry can be expanded accordingly. Naturally, the current generated at a small scale
electrode will be less than that from a larger electrode. This in turn will reduce the size of the
Ohmic (iR) drop, which in turn facilitates investigation of highly resistive solutions and also a
reduction on the reliance of the supporting electrolyte. With close reference to a reduced double
layer capacitance it leads to a smaller R,Cq time constant and this opens up the ability to carry out
high speed voltammetric experiments. A move from planar to radial diffusion associated with
transfer from macro to micro sized electrodes in combination with diffusion conduction, occurs at
the edge of the small scale electrodes and is commonly termed as ‘edge effects’ leading to

enhanced rates of mass transport. This, coupled with the reduced non-Faradaic contribution, results



in the achievement of an increased signal to noise ratio. Such advantages lend themselves to the
design of sensors with lower limits of detection of the target analyte, and also to the investigation
of solutions that cannot be probed successfully with macro-electrodes, thereby increasing the
application scope of electrochemical sensing.

However, reliable measurement of tiny current signals, which requires very small noise
and highly sensitive measurement equipment can be performed only in case where the useful signal
exceeds the equipment noise levels. Therefore, arrays of nano-electrodes are usually utilized in
sensing applications to enhance the signal-to-noise ratio. This is due to the fact that if the useful

array signal is proportional to the electrode number N, then the associated array noise is

proportional to JN . Careful design of the array is required to achieve full advantages from using
of the nano-size array. In the first place, there is a need to ensure that there is no diffusion zone
which overlaps from neighboring electrodes, which will result is a change of the conduction
mechanism from radial to macro diffusion, and lead to a decrease of the Faradaic current. The
usual sensing features of importance include a high repeatability, stability, selectivity and a
complete characterization of potential interferents e.g. varying temperature, pH, etc. Also of note
is the importance of the reproducibility of the electrode array fabrication. Semiconductor
processing techniques, such as those described in this article, allow reliable high volume
manufacture of nano-scale electrode arrays. This reproducibility is essential to enable an accurate
design file to be generated for the development of instrumentation that will reliably acquire data
from the nano-electrodes. To truly take the technology out of the lab environment, the end user
will require a plug-and-play approach, whereby a defunct sensor can easily be replaced by a new
version with minimal calibration required. In the case where there is only limited batch to batch

reproducibility, due perhaps to limitations on the fabrication processes available, correct analyte



detection and quantification based on predefined calibrations will not be feasible; therefore a
special sensor calibration procedure will be required from the smart instrumentation.

The instrumentation requirements to a large extent, depend on the requirements of the
applications. At the same time they have areas of overlap. To give an example, let us compare the
instrumentation requirements for health related and environmental applications. Consider a case
of the in-vivo health applications, in which technical requirements such as high miniaturization,
continuous powering and reliable and safe wireless communication must be to the forefront. In
the case of long-term, reliable sensor monitoring in an unmanned environmental setting e.g. rural
water treatment facilities, besides achieving a long life sensor, the instrumentation needs to be
autonomous with intelligent/smart operation. Additionally, long-term powering capabilities and
communication links with base stations located in some distance from the facility are required for
the latter.

The role of the smart chemical sensing system capable of analyte quantification without
user intervention is of great importance for emerging Internet of Things (10T) devices, where they
forman essential part of the infrastructure. The concept of the 10T environment is that every object
in the Internet Infrastructure (1) is interconnected into a global dynamic expanding network®
enabling access to the data of interest. One such object can be a sensor or network of sensors,
which communicate wirelessly or via GPRS. These sensor networks find applications in both
healthcare and the environment, as well as home and security. There is much activity in reliably
connecting wireless sensor networks in the Internet Infrastructure, and the development of a
complete sensing system which can be connected in a plug-and-play fashion is a fundamental
criterion. Some examples of sensing systems for environmental monitoring include humidity

systems with embedded error compensation algorithms to enable accurate measurement’,



automated irrigation systems controlled via wireless sensing networks,® air quality monitoring
using sensors for carbon monoxide (CO) and volatile organic compounds (VOCs),® water quality

monitoring systems,0-13

C. Potentiostat Instrumentation

The analytical chemistry methods applied for the separation, identification and
quantification of the analytes include static techniques where current does not flow through the
solution (potentiometry is the main technique), and dynamic techniques where current flow does
occur. Within the dynamic techniques, the electrical parameters of current and potential are
controlled, leading to different voltammetric methods such as cyclic voltammetry, pulsed
voltammetry, stripping voltammetry, etc. The following is a brief overview of potentiostat
instrumentation and recent trends in the technology, where more details can be found from the
literature. 14

A potentiostat device serves to apply the voltage across an electrochemical cell (between
two electrodes) in accordance to a given value. The effect is achieved by forcing a current into the
cell through a third electrode. The invention of the three electrode potentiostat for automatic
control of an electrochemical cell was groundbreaking.’> This and many of the other early
potentiostats suffered major problems related to stability. It was not overcame until the field effect
transistor was discovered, and the operational amplifier invented, so that the three electrode
operational amplifier potentiostat as we know it today was suggested. The first such potentiostat,
stable under a wide range of conditions, is attributed to Hans Wenking in 1954. It was central to

the creation of the world’s first commercial potentiostat manufacturer Bank Electronik and its core



design remains largely unchanged to this day. In its most basic form, a potentiostat can be
implemented using just an operational amplifier (OAMP), and this function is at the core of all
potentiostats. Figure 1 displays this fundamental form of a potentiostat acting on a three electrode

electrochemical cell.

FIG. 1 near here.

The circuitry represented on the left and on the right is the standard schematic element where such
a cell is used. For simplification, the working electrode is grounded; however some current
acquisition circuitry will be introduced later. The amplifier will force a current I into the solution
so that the voltage Vcen appears between the reference and working electrodes. The stabilization of
the voltage along the reference and the working electrodes Vrw around Veen is due to the resistivity
of analyte solution between the RE and the CE electrodes which connects output and non-inverting
inputs of the OAMP and thereby loops its feedback. With this arrangement the voltage does not
depend on the solution resistivity until the CE and OAMP can provide the current required to
support Vcell. With this, the stability of the voltage applied to WE is mostly defined by stability
of the reference electrode that makes RE a very important part of the three electrode cell.

From a commercial perspective there has been efforts to make modern potentiostats more
integrated, miniaturized and with a reduced production cost. Older devices took the form of clunky
laboratory units which are expensive and awkward to use. Although some precision devices still
take this form, many are much smaller, such as hand held devices or PCMCIA cards. This
evolution is illustrated in Figure 2. Improving current sensitivity and dynamic range has also been

a priority of modern potentiostats. Current resolutions in the femto-amp range are now reasonable,



for example the Gamry PC14 has a minimum resolution of 2.5fA while being capable of providing

full scale current ranges of 7.5nA to 750mA.

FIG. 2. Near here.

From a research perspective, a number of interesting developments and applications have
emerged, particularly within the last decade. One of particular interest is the integration of the
potentiostat circuitry using CMOS processes, an example of which can be found over two decades
ago.t” This was improved considerably in 1994 when a CMOS device was proposed to include
two potentiostat amplifiers (control amplifier and current acquisition amplifier) inadditionto DAC
for signal generation and ADC for signal acquisition.*® The current input dual slope ADC offered
a minimum resolvable current of 100fA and a maximum of 40mA with a resolution of 13 bits. The
device, fabricated with a 2 micron CMOS process, was comparable to much of the commercial
electrochemical instrumentation of the time. Its introduction lowered the size, cost and volume of
instrumentation, opening up applications in a range of areas.

Following from the numerous developments in potentiostat technology, a number of
applications have emerged to take advantage of, in particular smaller and reduced power devices.*®
In-vivo glucose monitoring devices have already been developed where details of those sensor
devices discussed later in this paper, and it is expected that an "artificial pancreas” closed-loop
system for glucose monitoring and injection of insulin when required will soon be realized. Other
investigations of potential potentiostat applications include the use of arrays for electrochemical
neural recording.?®2! These multichannel potentiostat devices interface with multi-electrode

arrays for the sensing of neurotransmitters at a synaptic level. This sensing ability could play a



major role in unravelling the operation of the nervous system, including degenerative disease and
response to artificial stimulation. However, current prototypes are typically verified only with in-
vitro tests, with progress being made towards a fully integrated and implanted neurotransmitter

monitoring systems.

I1l. BIOIMPEDANCE SENSING

Impedance biosensors based on Electric Cell-substrate Impedance Sensing (ECIS) measure the
electrical impedance of an interface in AC steady state with variable frequency, but constant low
amplitude (<10 mV) DC bias conditions to avoid disturbing the probe layer, which is an important
advantage over voltammetry or amperometry where more extreme voltages are applied.?? ECIS
provides an emerging powerful method to perform real time cell monitoring without the use of
radioactive tracers, or biological markers. The core of ECIS technology is based on measuring the
change in impedance of a small electrode to AC flow. ECIS devices are however not capable of
resolving the morphological changes of individual cells within an adhered cell monolayer because
the sensors that are used are commonly in the micron range and are based on the inter-digitated
electrodes (IDEs) design. IDE’s have attracted significant attention in recent years as impedance
sensors, due to the hemispherical diffusion, that minimizes convection effects, and the higher
sensitivities achievable compared to conventional electrodes in electrochemical measurement.
Theoretical calculations®® predict performance enhancement as dimensions are scaled to sub-
micron levels since penetration of the electric field is restricted to the interface region rather than
the bulk electrolyte. Typical examples of high resolution array fabrication have been reported by

Katz,?* Van Gerwen,?* Moreno-Hagelsieb,”® among others, with dimensions from 0.25 um to ~1



um along with various electrical measurement techniques, including microwave resonance
detection. The main challenge of impedance biosensor development is the relatively small change
of the impedance spectra upon occurrence of the bio-recognition event. The generated signals are
especially insignificant when, for example in immunosensors, the antibody concentration is low
and the surface coverage of the antigen-antibody complex is far from saturation.?*

A range of approaches have been investigated to address the issue of achieving small
impedance changes to detect the bio-recognition event. These include amplification via, for
example, enzyme labels while the use of nanostructured electrode surfaces modified with
nanoparticles?® or carbon nanotubes???7-?® retains the label-free advantages and improves the
sensitivity due possibly to significantly enhanced surface area and functionalization. The use of
microelectrode arrays has led to unprecedented levels of sensitivity, allowing for example,
detection levels for antibodies/antigens at ng/ml, complementary DNA strands at fg/ml levels, and
pesticides at 1017 M?°. As outlined earlier, there is considerable interest in further reducing the
electrode size to sub-micron or nano-scale dimensions to benefit from enlargement of the surface
area, projected reduction in capacitance, radial diffusion** and increased mass transport leading to
higher current density. Electric field modeling of such arrays has indicated that, as dimensions are
reduced, the electric field penetration is restricted to the interface region rather than the bulk
electrolyte thus enhanced sensitivity to binding events is likely.?32° Nano-structured sensor designs
offer the possibility to overcome the problem of resolving morphological changes of individual
cells, and enable an increased signal to noise ratio through minimizing the signal loss due to
horizontal electrical conductivity of the electrode. Conventional impedance based sensors to date
have relied on micro structured designed electrodes and have proven to be applicable in a wide

range of fields.>'*> However, with the rapid development of nanotechnology, enabling tools have



emerged where nano-structured electrodes can be fabricated more reproducibly.®3*> The
development of nano-structured electrodes for AC impedance measurement offers significant
advantages over its micro-structured counterpart. These include, enlargement of the surface area,
reduced double layer capacitance, fast convergence to a steady-state signal, better detection limits
and increased signal to noise ratios. Another reason why nanostructure electrodes are considered
promising is that they offer enhanced current density, that are contributed from increased mass

transport at the working electrode interface (Figure 3).

FIG. 3 near here.

ECIS has applications for academic or industrial laboratories in the fields of tissue culture,
toxicology, biotechnology, advanced biological methods, regenerative or cell biology. It is a
versatile sensitive technique which has also been widely used for interrogating changes at an
electrode surface.’® In 1984, Giaever and Keese introduced the ECIS technique for measuring
cell-matrix impedance changes as a function of biological processes. When cells are growing in a
monolayer, each cell contributes to the impedance signature of the cell-matrix system. They
cultured fibroblasts on evaporated gold electrodes and subjected the cell-substrate system to an
oscillating electric field. Their results showed that the total impedance of the system depended on
cell morphology and cell seeding density on the electrodes. Since then, ECIS has grown to be
accepted as a non-invasive technique for monitoring the growth, adhesion, and spreading of
mammalian cells in real time.*'7->° Most recently, the technique has been extended to investigate

cell migration in wound healing assays*’ cell shape change during apoptosis,*! cell death in



cytotoxicity testing*? and the effects of cytoskeleton-disrupting agonists (cytocholasin B) on cell
membrane capacitance and intercellular junctional resistance.*?

Cell-based biosensors, which treat living cells as sensing elements, are able to detect the
functional information of biological active analytes and also provide quantitative analysis.
Bioimpedance analysis enables accurate, sensitive and reliable assays to be performed in real time
and under constant automated monitoring. These types of biosensors offer the potential to study
the behavior of mammalian cells in a non-destructive assay format. Bioimpedance is a measure of
the opposition of the flow of an externally applied electric current that is caused by living cells.
These systems are measured to give insight into the behavior of cells. Concentration, growth and
alterations of the physiological state of cells during cultivation can be detected as impedance
changes and thus information about spreading, attachment and morphology of cultured cells can
be obtained.?®*8 The insulating nature of the attached cells, result in a frequency dependent change
in the equivalent electrode capacitance. Transcellular and paracellular pathways, originating in
either the plasma membrane or the cell adhesion zone together with the intercellular cleft,
contribute individual impedance (resistive and capacitive) components which can be determined
from their frequency response. The large dielectric dispersions appearing between 10 Hz and tens
of MHz (a and [ dispersion region) are generally considered to be associated with the diffusion
processes of the ionic species (o) and the dielectric properties of the cell membranes and their
interactions with the extra and intra-cellular electrolytes (). The dielectric properties at the gamma
region are mostly attributed to the aqueous content of the biological species and the presence of
small molecules. The excretion of cellular metabolic products may also be detectable from the

electrolyte impedance.3°



An advanced technique for transepithelial cell determination was discovered by Wagener
and co-workers. They have used ECIS to study the attachment and spreading of epithelial MDCK
cells (strain I11).%8 In impedance measurement, gold electrode was used as an impermeable supports
for the cell layers, which in this case, the electrodes were coated with different proteins. A weak
AC was supplied between a small working electrode and a large counter electrode, while the
voltage was monitored with a lock-in amplifier. The bioimpedance was measured when the cells
attached to the electrode were spread.** In addition, ECIS provides a useful description for the

cells, in the aspects of conditions and activities of cell culture.

Thistype of impedance biosensor also can be used to monitor the toxicity in drinking water.
Research has been carried out to determine the toxicity in water samples containing 1 of 12
industrial chemicals by comparing the effectiveness of 10 different toxicity sensors, consisted of
ECIS, Eclox, Hepatocyte low density lipoprotein (LDI) uptake, Microtox, Mitoscan, Neuronal
microelectrode array, Sinorhizobium meliloti toxicity test, SOS cytosensor system, Toxi-
Chromotest and ToxScreen 11.4> The results showed that combination of ECIS with another two
different sensors (Microtox and the Hepatocyte LDL uptake test) provide greater sensitivity in
chemicals detection of 9 out of 12 chemicals. Other than cytotoxicity studies, ECIS also can be
used in drug development. In 2004, Arndt and co-workers have developed an electrochemical
technique of ECIS to monitor the apoptosis-induced changes in biological activity independent of
the trigger mechanism in a strictly physiological environment.** It has been proven that the sensor
is significantly more sensitive compared to caspase-3 activity or structural changes in the cell—cell
contacts. Therefore, the continued evolution of patterning and modification technologies to
achieve more reproducible nanostructured surfaces has enabled the advancement of transducers

with a particular focus on label-free sensing.



IV ONE DIMENSIONAL NANOSTRUCTURED SENSOR ARRAYS

A. Glucose sensors

Since the invention in 1960’s, the glucose biosensor developed rapidly, and currently occupies
approximately 85% of the entire biosensor market.*® Besides blood glucose measurement, glucose
biosensors are also widely used in bio industrial process monitoring, quality control, fuel cells and,
particularly in medical applications.*” Accordingly, most research and development has been
devoted in this area. From clinical aspects, diabetes mellitus is one of the leading causes of death
and disability in the world.*6-*¢ Generally, insulin deficiency and hyperglycemia varies the blood
glucose concentrations in the normal range of about 3.9-6.2 (empty stomach) or 3.9—-7.8 (2 h after
having food) mM.*® Therefore, quantitative monitoring of blood glucose is of great clinical
importance, in order to reduce the risks of diabetes mellitus induced heart disease, kidney failure,
or blindness.**5° In addition to glucose, hydrogen peroxide (H20>) is necessary for the metabolism
of proteins, carbohydrates, fats, vitamins, and minerals.5%%? Besides its essential role for the
production of estrogens, progesterone, and thyroxin in the body, H.O; helps regulate blood glucose
and cellular energy production. Oxidative damages in the body are caused by cellular H2O,
imbalance as this chemical plays an important role in cell signaling and communication.®
Therefore, the detection of H,0- also has a significance and importance like the glucose biosensor
in the biomedical chemistry.

Electrochemical glucose sensors have been categorized into two types based on enzymatic
sensing and the non-enzymatic sensing. The sensor systems sensitivity (i.e. linear range of analyte
response) and selectivity (i.e. the ratio between analyte of interest and a particular interference)

are the two important parameters for assessing the analytical reliability of the device. Therefore,



improvements in sensitivity and selectivity of the sensors have always been of paramount
interest.> To date many reviews have been published which distinguished the various aspects of
both enzyme and non-enzyme based biosensors. Wang, Heller and Feldman have briefly addressed
the importance and trends of enzymatic glucose sensors towards diabetes management.*64” Park
et al reviewed the principle and clear perspective of non-enzymatic glucose sensors.>*> Si et al
reviewed the recent development of nano-materials for the application of electrochemical non-
enzymatic glucose biosensors.>® However, some important aspects on this topic have not been
sufficiently addressed in the literature. This deficiency is especially true of those of based on
metal/metal oxide nanowire-nanoparticle electro catalysts for electrochemical biosensors. It is well
known that the nanostructured electrocatalysts promise to solve issues associated with the
enzymatic and non-enzymatic electrodes such as instability, poor selectivity, and surface fouling,
while nano-materials-based non-enzymatic biosensors show significantly higher sensitivity than
enzymatic systems.®® Thus, an understanding of nanostructured electrocatalysts, and their
complete surface reaction mechanism towards biochemical reactions during sensing is necessary
to make reliable devices. As a result of their unique features, one-dimensional nanostructures (i.e.
especially nanowires) have attracted much attention due to their potential use as interconnects in
fabricating electronic devices.>”*® Therefore, here we review the present state of the art for the 1D
nanowire/nanoparticle based metal/metal oxide electrocatalysts for glucose and H,O detection
using enzyme and non-enzymatic systems. We also review the potential for emerging nano-porous
gold substrates to provide enhanced sensing performance.

Since dimensionality plays a key role in materials properties, significant experimental
efforts have focused on producing one dimensional nano-crystals or nanowires.>”-5! Hence, a wide

range of transition metal nano-materials have been studied in recent years for the electrocatalytic



biosensing. In particular of Gold (Au), Silver (Ag), Palladium (Pd), Platinum (Pt), Copper (Cu),
Nickel (Ni) and their combinations are the widely investigated materials for biosensors. Here we
discuss the 1D nanowire/nanoparticle based electrocatalyst for both enzymatic and non-enzymatic
biosensors.

One dimensional transition metal nanowire array electrodes have demonstrated excellent
performance for the electrochemical biosensors.5? Nanowires with the unique catalytic activities
and electronic properties are widely used to improve sensitivity and selectivity of the
electrochemical biosensors, facilitate electron transfer, and decrease overpotential. The excellent
properties of nanowires are due to several beneficial features arising from their shape anisotropy
on the electrochemical reaction at electrodes: (i) facile pathways for the electron transfer by
reducing the number of interfaces between the nanoparticle catalysts and (ii) effective surface
exposure to work as active catalytic sites in the electrode—electrolyte interface.®3%> Due to their
unique dimensionality and large surface area, enzymes can be adsorbed onto these 1D
nanostructures.®® Since Clark and Lyons proposed in 1962 the initial concept of glucose enzyme
electrodes, a tremendous effort has been directed to develop reliable biosensors with enzyme based
electrodes. Although commercially available glucose sensing devices are dominated by enzymatic

systems, in the last decade there is an increased research interest in non-enzymatic biosensors.

B. Enzymatic Glucose sensors

Glucose Oxidase (GOXx) is the ideal enzyme and widely used in the majority of commercial
biosensors, great effort has been devoted towards the improvement of GOx-based biosensors.%’
Chen et al. described recent advances in electrochemical glucose biosensors and focused on some

problems and bottlenecks in areas of enzymatic (glucose oxidase (GOx) based) amperometric



glucose sensing “°. Herein recent achievements in this area have focused on the development of
novel nanowire electrocatalyst and the study of direct electron transfer with the assistance of
functional nano-materials. Wang et al reported an amperometric glucose biosensor based on silver
nanowires and GOx.%8 The biosensor showed the linear range from the 0.01 to 0.8 mM with a
detection limit of 2.3 uM (S/N = 3). Wang et al fabricated a novel glucose biosensor based on the
immobilization of GOx onto gold nanoparticles-modified Pb nanowires.®® The synergistic effect
of Pb nanowires and gold nanoparticles made the biosensor exhibit excellent electrocatalytic
activity and good response towards glucose. The biosensor showed the sensitivity of 135.5 pA
MM cm2, the detection limit of 2 pM (S/N = 3), and the response time <5 s with a linear range
of 0.005-2.2 mM. Lu et al investigated enzyme-functionalized gold nanowires for the fabrication
of glucose biosensors and achieved the response time of <8 s, a linear range of 0.01 — 20 mM and
detection limit of 5 uM.”® Delvaux and Champagne reported the arrays of nanoscopic gold tubes
for glucose sensor and reached the glucose response as large as 0.4 pA mM™ cm™ in presence of
GOx.™ Claussen et al fabricated porous anodic alumina templated Au/GOx nanoarray electrode
on silicon chip for glucose sensor. The sensitivity to glucose is controlled by manipulating the
length and composition of the immobilized GOx-conjugated self-assembled monolayers (SAMSs).
This controllable shift in glucose sensitivity and likewise linear sensing range allows biosensor
development for specific applications.”? Similarly, Wen et al developed a biosensor with Pt-CNT-
GOx which exhibits a good linear relationship with the concentration of glucose in the range of
0.16-11.5 mM; the regression equation with the calibration plot is C (mM) = 0.161 (I is current
response) + 2.05 with a correlation coefficient of 0.994 (n = 12). The response time for the
successive addition of glucose was about 5 s, and the detection limit was determined to be 0.55

uM glucose based on S/N = 3.3 Meantime, Liu et al presented the direct electron transfer between



GOx in carbon decorated ZnO nanowire array electrode for glucose biosensor. With subsequent
successive addition of glucose, the biosensor showed the fast response time of ~5s with 0.01 — 1.6
mM glucose response range.’* It is well accepted that at the nanoscale regime, the properties of
materials strongly influenced by their shape and dimensionality. Therefore, it is interesting to
fabricate nanostructured material with different textural features including nanowires and
nanorods and to examine its intrinsic characteristic for use in electrochemical glucose sensors.
Because of their high surface to volume ratio with the unique structure and shape, these one
dimensional nanostructures (e.g. nanowires) will allow rapid electron transfer and hence enhances
the catalytic response towards glucose detection. Figure 4 showed the SEM images of metal/metal

oxide nanowire and nanorod structure reported earlier.

FIG. 4 near here.

Table 1 near here.

Pradhan et al demonstrated the light-weight flexible glucose sensor bioelectrode based on the ZnO
nanowires directly deposited on Au-coated PET substrate. Using an amperometric method, the
GOX/ZnO-NWs/AU/PET bioelectrode is found to exhibit excellent and fast glucose sensing
performance, with a high sensitivity of 19.5 pA mM-* cm? and a low Michaelis-Menten constant
of 157 mM, making ZnO NW-based biosensors promising candidates for future
commercialization.” A range of recent electrodes based on one dimensional nanostructure and
their electrochemical glucose detection mechanisms in the presence of the GOx are compared in

Table 1.



C. Non-enzymatic Glucose sensors

In spite of the low detection limit, enzymatic glucose sensors are constrained by a number
of factors, including: stability issues that originated from the nature of the enzymes®*; limited
selectivity for glucose detection in blood samples; and the high operating potential required during
the measurements can result in interference associated with the presence of other electro active
species such as ascorbic acid (AA), acetaminophen (AC) and uric acid (UA).2 Therefore, non-
enzymatic glucose sensors are highly desirable based on the direct oxidation of glucose on the
electrode surface without using the fragile enzyme. Enzyme-less glucose sensors are expected to
have advantages such as simplicity, reproducibility, good stability, and free from oxygen
limitation.>* To date various metals and metal oxides have been explored for non-enzymatic
glucose detection and detailed review articles have been published.>*°¢ Therefore in this review,
we have focused mainly on the benefit to non-enzymatic glucose sensors of one dimensional
metal/metal oxide nanostructures, and in particular of nanowire architectures.

It has been reported that Au electrodes can display high electrocatalytic activity toward the
oxidation of glucose, and many methods of fabricating Au nanowire array electrodes have been
explored. Yang et al described the fabrication of network film electrodes with ultrathin Au
nanowires for non-enzymatic glucose sensing. The network film electrode biosensor fabricated
with 2 nm Au NWs exhibits high sensitivity (56.0 pA cm? mM1), low detection limit (20 pM),
short response time (within 10s), excellent selectivity, and good storage stability for a non-
enzymatic glucose sensor.8® Cherevko and Chung reported a gold nanowire array electrode for
non-enzymatic voltammetric and amperometric glucose detection.®® The wide dynamic range and
high sensitivity, selectivity and stability, as well as good biocompatibility of the Au NW electrode

make it promising for the fabrication of non-enzymatic glucose sensors. The amperometric



detection was shown within the physiologically important range of glucose concentration, with a
very high sensitivity of 309.0 pA mM ™t cm™2. In advance, Zhao et al invented the facile multistep
approach to fabricate Au nanowire array electrode and demonstrated for non-enzymatic glucose
sensor. They have integrated three techniques i.e. vacuum sputtering-deposition, holographic
photo-lithography and argon ion beam etching to prepare efficient Au nanowire electrodes.®* The
biosensor showed a linear amperometric response to the oxidation of glucose in a concentration
range of 0.4 — 10 mM. Other work reported by Bai et al, describes the direct electrodeposition of
Pt-Pb nanowire array electrode as an enzyme-free glucose sensor.®?> To effectively avoid the
interference coming from ascorbic acid, a negative potential of -0.20 V was chosen for glucose
detection, and the sensitivity of the sensor to glucose oxidation was 11.25 pA mM ™ cm™ with
linearity up to 11 mM, and a detection limit of 8 uM (signal-to-noise ratio of 3). Similar
metal/metal oxide nanowire architectures and their catalytic performance for glucose biosensors

have been compared with the values tabulated in Table 2.

Table 2 near here

In transition metals, the Ni has showed better electrocatalytic activity owing to their strong
Ni2*/Ni®* and widely investigated for non-enzymatic glucose sensors. Recently, the Ni nanowire
strategies have received great interest for biosensors. Liu et al designed a nano-Ni based
ultrasensitive non-enzymatic electrochemical glucose sensor via a nanowire array strategy.%®
Jamal et al explored the Ni nanowire array and Pt-decorated Ni nanowire array electrode for an
enzyme-free glutamate sensor,®” and the same group have extended their work with Ni/NiO core-

shell nanowire array electrodes for non-enzymatic glucose sensors. Interestingly, both Ni and



NiO@Ni nanowires array electrodes exhibit excellent electro-catalytic activity, and the sensitivity
of NiNAE and NiO@NiNAE has been found to be 80.0 and 170.4 nA mM ™t cm™2, respectively.
Under optimal detection conditions, the as-prepared sensors exhibited linear behavior for glucose
detection in the concentration up to 7 mM for both NiNAE and NiO@NiINAE with a limit of

detection of 33 and 14 uM, respectively.®

FIG. 5 near here.

It is interesting to note that the formation of the reaction intermediate NiOOH in the case of NiO
is one step less compared to Ni, which is the rate determining step for the glucose oxidation.
Furthermore, it is found that NiO is a good catalyst and thus the electro-catalytic behavior
completely dominates the capacitive behavior in the presence of glucose and the current response
is completely due to the electro-oxidation of glucose. Therefore, the surface oxidation of Ni
nanowires can be an excellent electrocatalytic material for the detection of glucose. In
continuation, Shervedani et al demonstrated a prickly Ni nanowire array grown on Cu substrate as
a supersensitive glucose biosensor in the absence of enzymes.®® Figure 5(a-d) shows the SEM
images of Ni nanowire array electrode for biosensors fabricated using different techniques. In other
aspects, Zhang et al'® developed the Cu nanowire electrode for ultrasensitive and selective non-
enzymatic glucose detection, where the amperometric detection of glucose using the Cu NWs
modified glassy carbon electrode exhibited a limit of detection of just 35 nM while retaining a
wide dynamic range. The reported sensitivity of 420.3 pA mM*cm™2, was more than 10,000 times

higher than that of the control electrode without Cu NWs. Ruimin Ding et al reported mixed Ni-



Cu nanowire array electrodes for enzyme free glucose sensor, which yielded a detection limit of

0.1 uM, a linear range of 0.0001-1.2 mM and sensitivity as high as 1600 pA mM* cm2,104

D. Hydrogen peroxide (H202) biosensor

Hydrogen peroxide (H.O;) can exert detrimental effects on biological systems and
contribute to the neuropathology of central nervous system diseases.!! It isalso plays a significant
role in the production and fate of hydroxyl and peroxyhydroxyl radicals in the troposphere.*?
Because the determination of H.O; is also very important in enzymatic reactions, the trace
determination of H,O; is of considerable importance in clinical and environmental applications.!3

Glucose detecting by biosensors usually involves two steps of chemical reactions as follows: 4

GO
Glucose + 0, =% Gluconic Acid + H,0,

0, + 4H* + 4e~ — 2H,0

At first, the immobilized GOx converts glucose and oxygen into gluconic acid and H20-; second,
H20; is oxidized to O, when a working potential is applied to the biosensor. An electric current
proportional to glucose concentration is measured to quantify glucose.!'* Hence, H,O, sensing
plays an essential role in the determination of the blood glucose content but is also important in

dyes, food, as well as pharmaceutical industries.

Table 3 near here.

As for glucose, the electrochemical detection of H2O; could be classified into enzymatic
detection and non-enzymatic detection. Because of the unique selectivity as well as high

sensitivity, enzyme-based biosensors have been widely applied for the H2O, determination. A



significant amount of work in enzyme based biosensors is related to the detection of H,O>, a co-
product of enzymatic oxidation using oxidases have been reported. However, they may suffer from
stability issues, limited lifetime and a complex fabrication procedure. While non-enzymatic H20;
sensors have attracted increasing interest, the electrochemical reaction of H,0, on bare electrodes
often encounters interferences from common coexisting species in the absence of enzyme.
Recently, some non-enzymatic H20, sensors have been proposed based on metal and transition
metal oxide materials-modified electrodes; herein we have focused on the 1D nanostructure, in
particular nanowire array electro-catalysts for non-enzymatic H,O, biosensors. Hsiao et al reported
the first case of using urchin like Ag NWs for non-enzymatic H,O, sensing.!’®> The Ag NW
electrode shows that its sensitivity for H,O, reduction at an applied potential -0.28 V in PBS is
4705 pA mM* cm? with the detection limit of 10 uM. Meantime, Kurowska et al investigated the
silver nanowire array sensor for sensitive and rapid detection of H,0,.1'6 The fabricated Ag NW
array H202 sensor showed high sensitivity of about 2.66 pA mM ™ cm2 and wide range of response
from 0.1 mM to 3.1 mM with a detection limit of 29.2 pM. The developed Ag NW array sensor
excluded the interference from substances typically present in the biological samples such as
ascorbic acid (AA), uric acid (UA), ethanol (EtOH), glucose (G) and oxalate ions. In advance, Li
et al developed a new strategy to grow seed mediated Au long nanowires for high performance
H.0- sensors.*'” They have used three steps to fabricate long Au nanowires i.e. amino modification
of SiO; nanospheres, Au seed loading and subsequently seed mediated nanowire growth.
Moreover, they found that as-prepared non-enzymatic H2O, sensor based on Au NWs exhibit
enhanced catalytic performance such as a high and wide range of sensitivity with a lower detection
limit when compared to Au nanoparticles. In other work, Jamal et al fabricated Pd-modified gold

nanowire array electrodes as a highly sensitive H,O, sensor.'*® Typical amperometric H,O2 sensors



showed a linear response up to 2 mM of H,O, with a sensitivity of 530 uA mM™* cm™ at 20 °C.
This electrode can detect 5 uM (S/N = 3) of H20> at normal conditions without using any enzyme
or mediator. Inaddition, Huang et al demonstrated improved performance of non-enzymatic H,O>
detection with CuO particle decorated Si nanowires.'*® Interestingly, the CuO assembled on
silicon nanowires (CuO/SiN'Ws) showed a competent sensitivity of 22.3 pnA/mM ™1, a wider linear
range from 0.01 to 13.2mM, and a comparable detection limit of 1.6 uM (3 S/N) for non-enzymatic
H.O; detection. Furthermore, our recent work on horseradish peroxidase (HRP) modified Au
nanowire array electrode demonstrated excellent H»O, detection with high sensitivity and
selectivity,2° where the designed H.O, sensor showed a sensitivity of 45.9uA mM™ cm™2, with
the 0.42 uM detection limit, and wide range of linearity up to 15 mM. Table 3 provides a summary
of reports on horseradish peroxidase based enzymatic H20, sensors and of recent works with
different metal/metal oxide 1D nanostructures for enzymatic and non-enzymatic H,O, sensors

including a comparison of their catalytic performances.

E. Features of 1D Nanostructure Array Strategy in electro-catalytic performances
Sensitivity and Selectivity
One of the major challenges in glucose and H20; biosensors could be electrochemically

active interferents, which generate electrochemical signals at the same potential as glucose.
Usually, the ground subtraction method is used to eliminate signals generated due to ascorbic acid
(AA) and uric acid (UA), which are common electrochemical interferents in physiological fluid.
However, it was observed that the nanowire/nanorod based 1D array strategy can provide novel
and augmented functionality to minimize the electrochemical interferent elements in both
enzymatic and non-enzymatic biosensors systems. According to Qu et al, the current generated

due to the interferences 0.1 mM (AA), 0.1 mM (UA), and 1 mM (acetaminophen) are negligible



when compared to glucose response indicating high selectivity of the biosensors.??1 Furthermore,
the sensitivity of the electrode remained relatively constant for first 20 days followed by 85% after
one month. Recently, Hsu et al verified the selectivity of Au-Ni coaxial nanorod array electrode
to sequential injections of 5.5 mM glucose, 5 mM uric acid (UA), 5 mM ascorbic acid (AA), and
5.5 mM glucose in an oxygen-containing PBS solution.”® They found that Au-Ni nanorod array
electrode biosensor is free from the common interferences and showed the 5.5 mM glucose

detection even after 30 days.

FIG. 6 near here.

Similarly, the case studies of non-enzymatic biosensors also showed the excellent
selectivity and sensitivity performance. For example, the Ni nanowire array electrode fabricated
by our group for glucose biosensors reported negligible interference.®® In presence of 1 mM
glucose, 100 uM uric acid, 100 uM ascorbic acid, 140 pM acetaminophen and 1 uM dopamine,
the yielded current response was only ranging from 5-7%. In another work, the same group further
revealed the very low interference of UA and AA with the Pt-Ni NWs array electrode.®’
Furthermore, typical current response curves of Pt-Ni NWs and NiO@Ni NWs array electrode in
the presence of various interferences are shown in Figure 6(a and b)., Jamal and coworkers further
investigated the selectivity of a Pd-decorated Au nanowire array as a H2O2 sensor.'*® They found
that only 1-3% of the current was obtained for common interferences such as AA and UA, and
negligible current responses for the other acetaminophen and dopamine interferents. These results
are encouraging and strongly support a novel nanowire array strategy for further augmentation of
biosensors in application sectors such as clinical, food, pharmaceutical and environmental

industries.



V. NANOPOROUS METALS FOR ELECTROCHEMICAL SENSING.

A highly active form of metal catalyst has been developed in recent years based on
nanoporous metals which can be formed by additive or subtractive processes. In particular the
demonstration of a simple process for nanoporous metal fabrication by a chemical etching process
called dealloying or selective metal dissolution has spurred investigations of the potential
applications of such materials. Dealloying is not a new process and had a cosmetic use in ancient
Incan civilization whereby a dealloying process was used to create an illusion of pure Au by
depletion gilding of Cu-Au alloy surfaces.

The field of nanoporous materials has only relatively recently been developed based on
some early corrosion studies and observations using electron microscopy. Pickering and Swann!?°
examined Cu-Au, Cu-Al, Cu-Zn and Mg-Al alloys and concluded that compositional variations
led to preferential chemical attack at grain boundaries on the surface of the alloys studied.
Pickering and Wagner® investigated the dealloying process and proposed the dissolution process
Is most active at kink-step-terrace sites analogous to metal vaporization.

In 1979, Forty**! used transmission electron microscope (TEM) images to demonstrate that for
such depletion gilding of a less-noble metal from AuAg alloys, selective dissolution in nitric acid
during anodic corrosion results in a continuous open nanoporous structure composed almost
entirely of Au. Thus the less noble Ag species is selectively dissolved not only at the surface of
the alloy but also to an appreciable depth. He surmised that mass transport of atoms is occurring
either through the bulk of the crystal lattice or across the surface to support the continuing
dissolution. Surface diffusion of Au as the surface Ag atoms dissolve from the AuxAgy alloy leads

to reformed Au-rich islands, so that fresh Ag atoms are continuously exposed to the environment



layer by layer to create a rough surface eventually leading to an evolved nanoporous gold (NPG)
material.

More recent studies have identified the requirements for optimized NPG formation together
with theoretical interpretations of the structural evolution process which typically involves alloys
of Ag, Cuand Al and results in nanoporous materials with differing porosity and composition. Al
and Cu can passivate during the dealloying process leaving a non-negligible concentration of Al
and Cu within the NPG. The more commonly used AuAg alloy is a single face centered cubic
crystal phase that can be dealloyed to > 99 percent!*? and the resulting porous structure is
homogenous throughout the entire material. The difference in the standard electrochemical
potential of the alloy metals constituents is used to achieve nanoporosity during the chemical etch.
It has also been shown that for a particular composition in excess of 55% Ag, and at a given
overpotential to drive the reaction, the desired nanoporosity can be induced in the Au.

Erlebacher and co-workers!33-13 have probed and identified the conditions necessary and
proposed a supporting theory for NPG formation involving electrochemical dissolution of the less
noble metal in the alloy, surface diffusion of the more noble material and finally capillary action
which results in coarsening of the structure and the emergence of filaments of the nanoporous
material. Porosity evolution in NPG proposed by Erlebacher et al begins by dissolution of a the
less noble metal atom from an initially flat terrace which is the rate-determining step that
determines the energetics of dissolution. As a vacancy island grows laterally, the neighboring
atoms of the first terrace vacancy dissolve away. The Au atoms have sufficiently high diffusion
rates along step edges and move with the receding vacancy island into gold-rich islands which are

further undercut as more layers are dissolved forming the uppermost layer of ligaments.



Annealing the formed nanoporous materials can induce further coarsening of the
ligaments.*3%-140 Indeed the ligament and pore sizes can be decreased by:

0] increasing the Ag content of the alloy precursor

(i) Increasing the dealloying potential

(iii)  decreasing electrolyte temperature!4!

(iv)  Post-treatment in acid42
In general the sponge-like 3D structure is a system of interconnecting nanopores / tunnels in a
skeleton of nanofilaments of the metal. This bicontinuous structure has a number of unique
characteristics that result in properties that can be exploited for a wide range of applications. The
filament size can range from 5-50 nm and surface areas as high as 20 m? g with a porosity of
70 % or higher are possible. Au is second only to Ag in terms of electronic conductivity and as
such the interconnected filaments of NPG also possess this key conduction and interconnect or
homogeneity advantage over dispersed catalyst nuclei or alternative metals on lower conductivity
catalyst supports. SEM and TEM images of NPG formed from an alloy of AuAg in nitric acid are
shown in Figure 7 with typical ligament and pore dimensions.

NPG is mechanically far stronger than expected on the basis of a scaling law, presumably
given that the ligament size in the nm range which causes dislocation starvation. Biener et al'#
noted one of the surprising aspects of NPG is that it brings together the apparently conflicting
properties of high strength and high porosity. They characterized the size-dependent mechanical
properties of NPG using a combination of nanoindentation, column microcompression and
molecular dynamics simulations. They concluded that NPG can be as strong as bulk Au, despite
being a highly porous material, and that its ligaments approach the theoretical yield strength of

Au.



FIG. 7 near here.

De Hosson and co-workers'#4 exploited the ability to alter the pore size in the fabrication
of dual length-scale NPG by controlling the grain structure of the alloy precursor. They
demonstrated that the two length-scale structure enhances the functional properties of nanoporous
gold, leading to charge-induced strains of amplitude up to 6%, which are roughly two orders of
magnitude larger than in nanoporous Au with the standard single length-scale porous morphology.
A further exploitation of the mechanically enhanced NPG materials has been demonstrated by
Oppermann at el.!*> They utilized NPG as the top surface on a Si chip bump for electronic
interconnection. In flip chip bonding they found that flip chip bonding could be achieved at low
temperature and with low force bonding conditions. The porous interconnects have very promising
properties, like compressibility and reduced stiffness, which are required for advanced
microelectronic manufacturing leading to higher bond yield and extended reliability.

This form of Au contains an intrinsically high step density. Given that NPG has an

interconnected, bicontinuous ligament network containing regions of both negative and positive
curvature, a high step density is topologically required. This characteristic makes NPG attractive
for catalysis studies. It is made even more attractive because it can be easily formed into thin, high-
conductivity foils that are easily adapted to electrocatalytic measurements.
In terms of catalytic applications, NPG has at least two advantages over other catalysts including
Au nanoparticles. Firstly, unlike well-established Pt or Pd catalysts, NPG remains active at low
temperature (room temperature or even lower), which is desirable for many practical applications.
Secondly, NPG has a good thermal stability, is resistant to oxidation4® and thus can overcome the
aggregation or sintering limitations from which Au nanoparticles often suffer at higher
temperatures or in an oxidative environment.*4’

The development of processes for the formation of and the theoretical understanding of
NPG has coincided with the emerging field of gold catalysis and electrocatalysis as researchers
demonstrate applications for what had until the mid-1980’s been considered a poor catalyst
material. The observations of Hutchings'#® that Au®* could catalyze the hydrochlorination of
acetylene and Haruta'®® that nanosized Au the oxidation of carbon monoxide far below room
temperature demonstrated the potential use of Au as a catalyst. Subsequent analysis has



highlighted that the properties of the bulk metal do not govern its catalytic properties and that
highly reactive surface Au species dominate. Previously, the filled d-band for Au and its well-
recognized poor chemisorption properties limited studies of Au to fundamental or baseline studies
to probe chemical or electrochemical reactions in the absence of a catalytic response. A number of
examples have been reported of catalytic reactions involving NPG consistent with the overall
hypothesis that the central difference between NPG and bulk Au is due to the increased density of
step edges in NPG over bulk Au. CO Oxidation at low temperature over unsupported NPG was
shown by Xu et al.*® NPG in a foam type structure has been shown to exhibit high CO oxidation
activity.* NPG has been shown to be an effective catalyst for reduction of hydrogen peroxide to
water.! Zhang et al reported that NPG shows much higher electrocatalytic activity towards
methanol than polycrystalline Au.*>® Wittstock et al*®? demonstrated selectivity levels in excess
of 97 % for gas-phase oxidative coupling of methanol to methyl formate at temperatures below 80
°C with high turnover frequencies which is required in practical applications. Glucose oxidation
with high electrocatalytic activity at NPG was shown by Deng et al .*%*

At the Tyndall National Institute, we have recently investigated borane and borohydride
oxidation reactions at gold electrodes, examples of the linear sweep voltammograms are shown in
Figures 8 (a) and (b). The onset potential for both borane!®® and borohydride®>® oxidation at NPG
(blue curve) was shifted to more negative potentials than that observed at a Au disc (red curve)
and higher currents were realized. An onset potential for oxidation more than 200 mV closer to
the standard redox potential was recorded at NPG by comparison with bulk or even nanowires of
Au. The rate of reaction was up to 23 times higher at NPG than at a bulk Au disc electrode. The
initiation of the oxidation reaction at such a low overpotential is indicative of the high activity of
the surface sites at the NPG substrate. The difference between the electrochemical outputs of the
Au nanowires (green curve) formed by template electrodeposition in porous alumina (ca. 200 nm
diameter) and the 20 nm ligaments of NPG indicate that a significant advantage is gained by

decreasing the dimension of the nanomaterial for electrocatalytic reactions.

FIG. 8 near here.



A similarly enhanced response to hydrazine oxidation at NPG has been observed by Liu et
al.’>" The onset of hydrazine oxidation had an overpotential decrease of 200 mV by comparison
with bulk Au. In that study a lower detection limit for hydrazine in PBS of 16.7 nM was achieved.
While this limit is lower than a number of other sensor materials investigated such as carbon
nanotubes or Cu-Pd nanoparticles, it did not surpass citrate stabilized Au nanoparticles for which
the detection limit is 200 pM.2%® A similarly enhanced response (by 200 mV) at NPG for hydrogen
peroxide sensing by comparison with bulk Au in PBS at a pH of 7 has also been reported.*>® They
showed that the NPG exhibits good selectivity with respect to potential interferents in real
biological samples, such as, methanol, ethanol, glucose and ascorbic acid.

The enhanced electrocatalytic properties of NPG have also been investigated for a number
of sensing applications, by incorporation of the NPG onto micro-disc arrays, including those with
integrated reference and counter electrodes as low cost alternatives to single standard micro-disc
electrodes. The arrays were fabricated at the Tyndall National Institute using standard silicon
microfabrication techniques of metal and dielectric materials deposition, followed by patterning
with photoresists and finally dicing into individual chips for packaging and electrochemical
testing. Recessed gold microelectrode arrays were modified with NPG by electrodepositing a gold-
silver alloy therein and selectively dissolving the silver component. Arrays of recessed gold micro-
band electrodes (17 electrodes in an array, width 10 pum, length 500 um, inter-electrode spacing
100 pm and recess 730 nm) and recessed gold micro-disc electrodes (314 electrodes in an array,
diameter 10 pm, inter-electrode spacing 100 um and recess 917 nm) modified with 473 nm and
252 nm NPG, respectively are shown in Figure 9. The thickness of the NPG was controlled by the
deposition time of the precursor gold-silver alloy. The electrochemically active surface area of the

micro-band array increased 14-fold upon modification with NPG.



An example of the output has been reported recently for an NPG modified microelectrode
array fabricated at the Tyndall National Institute.*6%6* The array was utilized for oxygen detection
in water samples to analyse drinking water quality in rural India where the advantages of low cost
miniaturized systems are apparent. The NPG modified micro-disc array outperformed by more
than two fold the unmodified Au disc array, in terms of both the signal to noise ratio and the

response time which help to facilitate remote sample analysis.

FIG. 9 near here

Recently NPG has been utilized as a biocompatible neural interface coating.'®? The authors
demonstrated that NPG facilitates close physical coupling of neurons by maintaining a high
neuron-to-astrocyte surface coverage ratio. They highlighted that the topography, reduces
astrocyte surface coverage while maintaining high neuronal coverage and may enhance
neuron—electrode coupling through nanostructure-mediated suppression of scar tissue formation.

Nanoporous materials other than Au have also been investigated and the processing and
mechanism established in detail for Au are being utilized to develop nanoporous metals and alloys
for various applications. Examples include nanoporous Pt which can be fabricated from an alloy
of Cu.'® The authors dealloyed Cu from Cug 75Pto 25 alloy in1M H2SO4. They achieved porosity
with a diameter of approximately 3.4 nm. The small pore size was attributed to the extremely small
values of surface diffusivity expected for Pt at room temperature. The results also showed that
larger length scales can be achieved through coarsening at elevated temperatures. Nanoporous

Cut®4 has also been achieved by the selective corrosion of single-phase CusoMnyo alloy in HCI



aqueous solutions. For applications where high conductivity, low cost conductors or as supports
for active materials such a nanoporous material may prove to be a valuable candidate.
Nanoporous Ru'® has also been fabricated from Rug20Mno so alloy for CO oxidation. The
authors achieved NPRu by dealloying or selective dissolution of manganese (Mn) from RuMn
alloy having investigated a number of other alloying metals such as Co, Ni, Fe, Cr and Ti. The
pore size and specific surface area of fabricated NPRu were 3 nm and 51.5m? g respectively.
They found that the NPRu was active to CO oxidation. XPS analysis did indicate that the surface
was oxidized with a thin layer of ruthenium oxide which is expected based on the known ease with
which nanoscale Ru can be oxidised by the ambient. Chen and Sieradzki utilized the same
principles to develop a process for nanoporous Sn'®® by dissolution of a lithium alloy in an
acetonitrile water mixture. The authors found that at concentrations of the order of 50 at.% Li,
bicontinuous porosity was achieved and that at Li concentrations larger than 75 at.% the
nanostructure similar to that of NPG was evident. This opens up a wide range of alternative
materials that can benefit from nanoporosity by dealloying in non-aqueous solvents for controlled
dissolution leading to a continuous ligament of the metal or alloy. In this case the authors
investigated Sn as a potential anode material for advanced lithium batteries. Sn has three times the
energy density of typical Li-ion battery carbon anodes, however, like a number of potential high
energy density anode materials such as Al, Ge and Si it suffers significant volume expansion during
Li intercalation which leads to pulverization and loss of active material on cycling. Having a route
to a continuous electrically connected network which can be microns in thickness but with porosity
and thus amenable to volume expansion is a significant development. The initial results presented
in this work show an improved lithium battery electrode performance with the potential for

improvement.



The developments presented above show that novel routes to and applications of nanoporous
materials has developed at a significant rate over the past decade. The extremely reactive and stable
surface particularly inthe case of the most studied NPG has led to its use in a variety of applications
and its use as a sensor is of particular interest. The combination of nanoporosity and placement of
active materials on micro or nanoelectrode arrays opens the possibility for the deployment of many
sensors based on the combined advantages of Au and nanoporosity which include;

= Bicontinuous network of interconnecting, tunable pores in a skeleton of Au ligaments

= High surface to volume ratio

= Pores 15 nm, ligaments 20-40 nm

= Specific surface area 4 m? g*

= Pore volume 0.005 cm® g*

= Biocompatibility

= High strength material

= High step density-catalytically active sites

= Chemical and thermal stability
Additional applications such as enhanced bonding materials for electronic devices or as active
electrode materials for next generation energy storage devices such as batteries, fuel cells or
supercapacitors could see further integration of materials functions for energy, electronics and
sensing which are key issues in the deployment of distributed sensors or Things in the rapidly

developing Internet of Things.

CONCLUSIONS



Electrochemical sensing platforms are rapidly transforming from the conventional single
use, in vitro diagnostic scenarios to continuous monitoring with complex media for health, biotech
and environmental monitoring applications. Real-time continuous monitoring not only presents
challenges associated with biofouling and sensor calibration, but in the case of wearable,
minimally invasive, implantable or process monitoring devices used in the food or
pharmaceutical/biopharmaceutical industries, biocompatibility of the sensing materials is a pre-
requisite. While glucose sensing from fresh blood at physiological levels has not been technically
challenging with respect to the sensitivities required, many of the analytes and biomarkers of
importance for monitoring health and wellness do require sensitivities beyond today*s state of the
art performance (e.g. nucleic acid and protein biomarkers for early detection of cancer or testing
for drugs'®’). The combination of emerging sensing platforms and electronic instrumentation
promises not only to address those sensitivity issues, but to enable complete sensing solutions.
These whole systems will need to provide multiparameter sensing within low cost miniaturized
form factors, compatible with integration on wearable technologies, surgical tools, minimally
invasive implantable devices and inline process analytical monitoring. Extended shelf-life stability
and auto-calibration will be critical for most applications, but will be especially challenging in the
case of biochemical sensors, particularly those involving enzymes as part of their sensing modality.
Power consumption and power management will also be critical success factors for enabling
autonomous electrochemical sensor systems to capture the right data at the right time; this will
require intelligent control systems that adapt measurement protocols based on embedded software
analysis of the data collected, appropriately managing the delicate balance between energy
expenditure incurred by data communication with subsequent data processing in the cloud, versus

local processing (with more limiting processing power) which could reduce the required frequency



of data communication. With the development of high-volume low-cost miniaturized integrated
circuits compatible with integration at or near the sensor, and in some cases as a single solid state
device, it is increasingly possible to integrate high sensitivity multiparameter nanosensor arrays
with signal processing electronics, to minimize issues with data quality between the sensor and the
electronics. Sensor manufacture is also evolving rapidly, in terms of the materials used (e.g.
increasing use of flexible electronics), the manufacturing processes involved (e.g. additive
manufacturing) and the overall move towards automation of biomedical device manufacturing in
line with Industry 4.0.

In summary, with the many opportunities for leveraging innovative nano-enabled
electrochemical sensors into new life sciences applications, it is important to ensure that resources
are efficiently used, leveraging the significant experience gained over the last decades on

electrochemical sensor development.
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Table 1. Summary of GOx functionalized 1D metal/metal oxide nanostructure based glucose

Sensors.
Electrodes Sensitivity Linear range LOD References
(LA mM1 cm?) (mM) (UM)
Ag NWs/GOx - 0.01-0.8 2.83 68
AuNP-Pb/GOx NWs array 135.5 0.005-2.2 2 69
Au/GOx NWs - 0.01-20 5 70
Au/GOx tube arrays 04 10-20 - 71
Au/GOx nanoelectrode arrays 40 28-65 0.0124 72
Au-Ni nanorod arrays 769.5 0.275-275 55 76
Au/Ag-GOXx nanorods 34.29 2-12 - 77
Pt/CNT-GOx - 0.16-11.5 0.55 73
C-ZnO/GOx NWs Array 35.3 0.01-1.6 1 74
ZnO/Au-GOx NWs 195 02-2 50 75
Pt-GOx NWs 30 0.05-0.15 3 64
TiO,-GOx nanorods 0.232 0.05-1.32 2 78
N-TiO,/GOx nanotube array 733.17 0.05-0.85 29 79
Au-V,05-GOx NWs - 0-01 05 80
Au/ZnO-GOx nanorods 1492 0.001-0.33 0.1 81
ZnO-GOx nanorods - 0.03-0.3 3 82
ZnO-GOx nanotube arrays 30.85 01-42 10 83
ZnO-GOx NWs 26.3 0.001-0.76 0.7 84
Pd/C-GOx nanofiber 13 0.06 -6 3 85
Ce0,-GOx nanorods 0.165 2-26 100 86
PANI nanotubes 97.18 0.01-0.5 0.3 87

*NWs — Nanowires, *GOx-Glucose Oxidase, *C-Carbon, *N-Nitrogen, *PANI - Polyaniline



Table 2: Summary of recently developed non-enzymatic glucose biosensor based on 1D array

nanostructures.
Electrodes Sensitivity Linear range LOD References
(WA mM™ cm?) (mM) (UM)
Au NWs Array 309 1-10 50 90
Ultrathin Au NWs 56 0-12 20 89
Au NWs - 0.4-10 0.036 91
Pt-Pb NWs arrays 11.25 0-11 8 92
Pt-Ni NWs 40 0.002 -2 15 93
Pt nanotube 0.1 2-14 1 94
Pt-Pd nanotube arrays 415 0.1-10 - 95
Pt-Pd nanowire arrays 27.6 0.1-10 - 95
Ni NWs Array 1043 3x10*-7 0.1 96
Pt-Ni NWs Array 96 1-8 83 97
NiO@Ni NWs Array 170 1-7 14 98
Ni NWs array 4243 0.003 -2 0.1 99
Cu NWs 420.3 0.001-2 0.35 100
Ni(OH),-TiO, nanotube 120 0.02-17 5 101
Ni/NiTiO3/TiO2 nanotube arrays 456.4 0.005-0.5 0.7 102
Ti/TiO,-Ni nanotube arrays 200 01-17 4 103
Ni-Cu NWs 1600 0.0001-1.2 0.1 104
Cu,O/TiO; nanotube arrays 14.56 3-9 62 105
Ni-TiO, nanotubes 700.2 0.004 -4.8 2 106
CuO nanowire arrays 1420.3 upto 2.55 51 107
Ni NWs 367 001-5 1 108
Fe,O3 nanowire arrays 726.9 0.015-8 6 109
CuO/Cu NWs - upto 2 0.49 110
FeOOH nanowire 12.13 0.15-3 - 111

*NWs — Nanowires



Table 3. Summary of typical H.O; biosensors with the 1D array nanostructure in both enzyme and

non-enzyme systems.

Electrodes Sensitivity Linear range LOD References
(WA mM™ cm?) (mM) (UM)
Ag NWs 4705 05-10.35 10 115
Ag NWs array 2.66 01-31 29.2 116
Ag/MnOOH nanorods 32.57 0.05-128 15 121
Au films - 01-8 3.26 122
Au NWs - 0.05-22.65 30 117
Pd-Au NWs array 530 upto 2 5 118
Au-MnO; nanorods 980 0.022-12.6 0.05 123
Au-Si NWs array - 02-1 - 124
CuO/Si NWs 22.270 0.01-13.18 1.6 119
Pd/C nanofibers 315 0.005-2.1 3 85
Pt/Au NWs array 194.6 0.02-20 1 97
Pt/CNT-TiO, nanotubes 0.134 0.001-2 1 125
Pt/CNT nanotubes - 0.005-0.25 15 73
Pt-Au/TiO, nanotubes 292 0.01-0.08 10 126
HRP/C-ZnO NWs array 237.8 upto 4 0.2 74
HRP/Au NWs array 45.86 upto 15 042 120
HRP/Au-ZnO nanorods 36.28 0.005-1.7 1.9 127
HRP/Au-TiO, nanotubes - 0.005-04 2 128
HRP/Sh-SnO, nanowires 100 0.01-0.45 0.8 129

*NWs — Nanowires, CNT-Carbon Nanotube, C- Carbon, HRP — Horseradish Peroxidase



FIG. 1. Potentiostat connected to three electrode cell, and corresponding schematic (reproduced

from Ref 16)

FIG. 2. Modern Day Potentiostats (reproduced from Ref 16)

FIG. 3. HeLa cells growing on gold nano-pillars fabricated on an interdigitated impedance gold

electrode.3*

FIG. 4. SEM images of different metal/metal oxide nanowire structures (a) TiOz nanorods
(Reproduced from Yanget al.) 8, (b) ZnO nanorods (Reproduced from Liuet al.)®?, (c) Pt nanowire

(Reproduced from Qu et al.)®*and (d) Au nanowire (Reproduced from Liu et al.).”™

FIG. 5. SEM images of Ni nanowire structures (a) Ni NWs fabricated by electrodeposition using
Polycarbonate (PC) template (Reproduced from Lu et al.),® (b) Pt-Ni NWs arrays (Reproduced
from Jamal et al.), (c) NiO@Ni nanowire by electrodeposition using AAO template (Reproduced
fromJamal et al.)®” and (d) Ni NWs electrodeposited using AAO template (Reproduced from Jamal

etal.).%’

FIG. 6. Amperometric interferences current response curves of (a) Pt-Ni NWs array sensor

(Reproduced from Ref 97) and (b) NiO@Ni NWs array glucose sensor (Reproduced from Ref 98)



FIG. 7. (a) SEM and (b) TEM images showing cross sectional view of nanoporous gold formed

by dealloying gold-silver alloy in nitric acid, showing typical ligament and pore dimensions..

FIG. 8. Linear sweep voltammograms for oxidation of (a) ammonia borane and (b) sodium
borohydride at the gold electrodes investigated recorded at 10 mV/s for 20 mM solutions of borane
or borohydride in 1 M NaOH. The oxidation responses at nanoporous gold are shown in blue,
while the responses at the gold nanowire and planar gold disc electrodes are shown in red and

green, respectively.

FIG. 9 SEM images of (a) unmodified recessed gold micro-disc array (b) individual unmodified
recessed gold micro-disc (c) recessed gold micro-disc array modified with AuAg alloy (d) NPG-
modified recessed micro-disc array, (e)-(f) individual NPG-modified micro-disc (g) side wall of
an unmodified recessed gold micro-band (h) NPG-modified recessed gold micro-band array (i)
sidewall view of a NPG-modified recessed gold micro-band. Images were recorded at 30 kV with

a 60° tilt.
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