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ABSTRACT

Numerous metals are subjected to anodic oxidation. As a result, one can obtain amorphous barrier-type oxides, crystalline
barrier-type oxides or amorphous nanoporous oxides. Currently, highly-ordered nanoporous anodic aluminum oxide (AAO), is
obtained with various electrolytes to form nanostructures with a wide range of geometrical features. It allows applications for this
material as a template for nanofabrication of variety of nanowires, nanotubes and nanodots. Also, other anodic oxides have
attracted the attention of researchers. For example, anodic titania is currently applied as a key material in dye sensitized solar
cells (DSSC). Anodic titania has also been found to be an efficient catalyst for water splitting and carbon dioxide removal.
Further, anodic zirconia nanotubes can serve as efficient support for surface Enhanced Raman Spectroscopy. This paper
provides detailed fundamentals of sensing techniques and recent advances in the development of NAA-based sensing and
biosensing technologies.

Introduction

Anodization of aluminum has become one of the most
popular processing methods to form porous structures with
pore diameters ranging from about 10 to over 200 nm. The
aluminum anodization process leading to a porous
structure is usually performed in electrolytes containing
sulfuric, oxalic or phosphoric acid. The structural features
of the porous alumina film include pore diameters, interpore
distance and porosity and they strongly depend on the
chosen electrolyte and anodizing potential.

Separation

Porous alumina membranes of anodic aluminum oxide
(AAO) are widely used for the fabrication of various
nanostructures and nanodevices. Over the last decade
many materials, including nanowires, nanotubes and
nanodot arrays have been fabricated by the deposition of
various metals, semiconductors, oxides and polymers

Figure 1 - Schematic diagram showing the typical AAO structure and . )
J g Y inside the pores of AAO membranes (Fig. 1).

the major applications for this nanostructured material.
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Nanoporous substrates such as porous silicon, nanoporous anodic alumina (NAA), titania nanotube arrays, and track-etched
porous polymer membranes have been commonly employed as substrates for advanced sensing devices. NAA processes yield
unique structural, chemical, optical, thermal and mechanical properties and biocompatibility besides controllable geometry and
exploitable surface chemistry.

Owing to these properties, NAA has emerged as an attractive material for development of sensing tools for chemicals relevant to
industry, environment and biomedicine. NAA has been coupled with a wide range of optical and electrochemical techniques
such as photoluminescence (PL), surface plasmon resonance (SPR), surface enhanced Raman spectroscopy (SERS),
reflectometric interference spectroscopy (RIS) and electrochemical impedance spectroscopy (EIS) (Fig. 2).

Photoluminescence e g
' ¥

Photoluminescence (PL) is a commonly used term for IH‘ ” ’ I“f .

the phenomenon of absorption of radiation energy and ty il i

emission of light by materials. Absorption of energy
from radiation by a luminescent center results in
excitation of an electron to a higher energy level, which
emits / releases energy in the form of light during the
process of returning to the ground state.

Therefore, photoluminescence spectroscopy-based
sensing and bio-sensing devices occupy a prominent
place among optical devices, due to their excellent
sensitivity on emission of light from NAA while passing SERS-NAA
a positive potential through an aluminum / oxide /
electrolyte system against an iridium cathode.

Galvanoluminescence (GL) from a nanoporous anodic
aluminum oxide is influenced by parameters, including
the nature of the electrolyte (organic or inorganic), the

metal surface properties, the purity and pretreatment, Bl

and the anodization conditions of temperature, Figure 2 - Schematic diagram showing all four optical sensing techniques
concentration, current density and voltage. coupled with NAA for developing highly sensitive optical sensors.
(a)2° — (b) ¢ _ 3 The galvanoluminescence
s gt g e e increases with higher
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5 o & 5 | w-omm /5"""""' \ voltagelan(.i current c.jepsny, as
. ol =5l L i shown in Fig. 3). This is due to
5 i 2 2 ,,/?\ an increase in the number of
f | __-’j 1) E i 'fm \ glectror)s in t.he excited state
o o ‘?-"_?,. ) ,’m increasing with the electrolyte
1 ‘i;",{y‘ (5) concentration, temperature,
Qlagemiss 2 g o 50 w0 150 20  current density and voltage.
Voltage of ancdization [V] Voltage of anodization [V]
Figure 3 - GL intensity plots for NAA displaying intensity of GL versus voltage for (a) different However, the generally accepted
annealing temperatures: (1) 75°C, (2) 150°C, (3) 250°C, (4) 350°C, (5) 450°C; and (b) varying mechanism behind PL in NAA is
electrolyte concentrations. thought to be the presence of

impurities and inherent defects of Al203 forming NAA. These flaws in the chemical structure of NAA are also referred to as
photo-luminescent field centers. There are different types of PL field centers, depending on the type of oxygen vacancies within
the impurities.
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Similar to galvanoluminescence, photoluminescence, is also influenced by such anodization parameters as anodization, voltage,
electrolyte, thermal treatment and pore widening time. Along these lines, the PL intensity for NAA fabricated using a phosphoric
acid electrolyte has been studied. As mentioned above, the main contribution to PL of NAA is from the oxygen-containing
species. Post anodization thermal treatment and pore widening of NAA display similar trends in PL intensity, which initially
increases but decreases after a critical point.

The major advantage of NAA-based PL sensing devices is that, unlike other materials, such as porous silicon, the PL spectrum
remains stable without any passivation process.

Photo-luminescence sensing using NAA as the substrate can be accomplished through label molecules (i.e., dyes, Q-dots, etc.).
Label-based PL sensing generally results in changes in intensity whereas label-free sensors rely on the shift in the peak in its PL
spectrum. It has been reported that confinement of luminescent molecules inside the nanopores results in enhancement of the
PL. First reports on label-based PL-NAA sensing observed that adsorption of organic dye and proteins results in enhancement
in PL. They also found that their PL peak positions, similar to that of dye itself in ethanol solution, but the PL intensity of
embedded dye plus hard anodize solution (HAS) is much higher than that of dye alone, which was attributed to the formation of
an Al-complex and coexistence of HAS in the NAA pores.

A label-free PL-NAA sensing approach was adopted by Santos, et al., who developed an optical barcode sensing system.
Interestingly, interference-like fringes or oscillations related to the effect were observed during label-free PL-NAA sensing,
producing an amplification of the PL oscillations by an enhancement of the photoluminescence at wavelengths corresponding to
the optical modes of the cavity formed by the air NAA-AI system. The PL spectrum of NAA is within narrow and well-resolved
fringes, which are highly useful for bio-sensing purposes. The number, intensity and position of these oscillations can be tuned
by modifying the pore length and diameters. Furthermore, these fringes can generate PL barcodes to be used as target
fingerprints. PL barcodes enable development of smart optical biosensors for a broad range of analysis.

Surface modification of
ATy R : nanoporous AAO

AAOQ nanostructuring (Fig. 4) is an
active research area focused on the
development of new fabrication
concepts and the preparation of more
complex pore structures with unique
properties suitable for diverse
applications. We can expect future
developments in this field. Template
synthesis of metal semiconductor and
polymer nanowires and nanotubes
appear to be the primary motivation
for these studies. However, these

AAG with modulated pares AAD with perforsted pores sophisticated AAO structures should
Figure 4 - (a-c) SEM images of AAO with multilayered pore architectures with different pore find applications in other areas
shapes and structural modulation fabricated by multiple cyclic anodization in 0.1M phosphoric including molecular separation and in
acid with three successive galvanostatic anodization steps by three different cyclic signals; optics, for example, as narrow-band
(d) AAO with periodically perforated pores (nanopores with nanoholes) by chemical etching. filters.

In the previous section, we described the recent advances in approaches for structural engineering of AAO to generate new
properties and applications. In this section, we will show current research on tuning surface properties of AAO using different
surface modification strategies. The surface modifications and functionalization of AAO are expected to significantly expand the
scope for applications of AAO-based materials. Furthermore, the effective combination of structural engineering and surface
manipulation will underpin a number of emerging applications (e.g., Fig. 5).
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The AAO surface is insulating
and suffers from chemical
instability in acidic
environments, which is a
disadvantage for some
applications. This limitation
can be overcome by
changing the surface
properties and by adding new
surface functionalities. The
rich content of hydroxyl
groups on the AAO surface
allow them to be easily
altered by modification with
organic molecules with the
desired functionality. The
surface modification
techniques that have been
explored to improve surface
properties and add new
functionality to AAO can be
divided into two groups: as
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Figure 5 - (Left) Schematic diagram of the sequential fabrication steps of three-tiered branched AAO:

(i and ii) first step, first-tier pore anodization and thinning of barrier layer; (iii and iv) second step, second
tier formation at reduced potential followed by thinning of the barrier layer; (v and vi) third step, forma-
tion of third-tiered pores at further reduced anodization potential and final pore widening; (Middle) cor-
responding top views of all tiers. (Right) SEM microscopy of the resulting pore structures: (a and b)

Top and cross-sectional views of two-tiered branched AAO prepared by combined anodization in 0.3M
phosphoric acid (130V) and 0.15M oxalic acid (80V) followed by thinning of the barrier layer; (c and d)
Top and cross-sectional views of the three-tiered branched AAO prepared by combined anodization in
0.3M phosphoric acid (130V), 0.15M oxalic acid (80V) and 0.15M oxalic acid followed by thinning of

the barrier layer.

(1) wet chemical synthesis and (2) gas-phase techniques. The most common approaches for AAO surface modification are
summarized as follows. Wet chemical approaches include self-assembly processes (silanes, organic acids, and layer-by-layer
deposition), polymer grafting, sol-gel processing, as well as electrochemical and electroless deposition. Subsequent
modifications of the introduced functionality with biomolecules of nanoparticles can be carried out. Gas-phase surface
modification techniques used for surface modifications of AAQ include thermal vapor metal deposition, chemical vapor deposition
(CVD), plasma processing and polymerization and atomic layer deposition (ALD). Combinations of these two modification
techniques on AAO have also been described, showing the ability to tune surface functionalities and properties of AAQ for

specific applications.

Complex internal pore architectures

AAO membranes with complex internal pore architectures hold considerable prospects for the development of advanced
molecular separation and sensing platforms for use as templates for the fabrication of nanostructured nanowires and nanotubes
with unique magnetic, electrical and optical properties. Several approaches have been explored to design modulated pore
channels and architectures which include multi-step anodization where the type of electrolyte or electrolyte concentration is
changed after each step, changing the electrolyte temperature during anodization, varying the applied voltage or current during
anodization or combining anodization and chemical etching.

It is well established that pore diameters in AAO are dependent on the nature of the electrolyte and the applied voltage used
during anodization, so the simplest way to alter internal pore geometries would seem to change these two parameters during the

etching.

This work sparked extensive interest in the fabrication of hierarchically Y-branched structures. The multiple branched pore
structure was fabricated by a combination of reducing the applied voltage by a factor of 1/n (n referring to the number of
branches), changing the electrolyte after each anodization step and thinning the barrier layer after each anodization step at the
pore bottom by chemical etching. The anodization potential in several steps and applied chemical etching after each step to
fabricate the AAO membranes with 3D multi-tiered branch nanostructures as shown schematically in Fig. 6 (Left). Three-tiered
branched AAO having an average pore diameter of 275 nm branching into four 125-nm sub-pores in the second tier and four 55-
nm sub-pores in the third tier was demonstrated.
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The variation of anodization conditions by changing electrolytes allows the fabrication of AAO membranes with periodic
diameter-modulation in the pore structures combined with the conventional mild (MA) and hard (HA) anodization process to
achieve periodic modulation of the pore diameter. The length of each segment was controlled by varying the time of the
anodization process. This approach was extended to form shaped pores with nanofunnel geometry. Stepwise anodization
processes were used with two different electrolytes, first with phosphoric and followed by oxalic acid. Subsequently, an inverted
nanofunnel was obtained by switching the electrolyte sequence. More recently, a method called “pulse anodization” has been
developed where both MA and HA processes were applied in the same electrolyte. The method is based an applying long low
current pulses (MA regime) followed by short high current pulses (within the HA regime).

Although this method demonstrates the ability to create different pore diameters across the AAO structure, it does not allow
control over the pore shape. It has been reported that a new anodization process, termed cyclic anodization, can achieve
improved control over the internal pore shape. The concept is based on slow and oscillatory changes of anodization conditions
ranging from MA to HA regimes. TrpA o
By changing the period of the

current, control over the | A |
geometry of pore structures was

achieved and AAO with 0w

asymmetrical (ratchet-type) and IRVATAYASR

symmetrical (circular) periodic m I

pore geometries, with different “'}l'“ ' I |
lengths, periodicity and I J‘., Il
gradients, were fabricated. RANAY U

Periodic variations in pore
diameter led to photonic crystal
behavior in AAO as observed in
optical photographs and
transmission spectra. The color
of the sample and the diffraction
peak position in the transmission
spectra could be easily controlled ~ Figure 6 - Long-range ordered AAO membranes with modulated pore diameters: (Left) Scheme

by using a chemical post-etching for the fabrication of porous alumina with modulated pore diameters by a combination of mild and
step. Similar results were hard anodization on a pre-patterned aluminum substrate; (Right) SEM micrographs showing the
obtained by fabricating AAO cross-section of the prepared AAO with modulated pore diameters_. Magnified cross-_section images
membranes with conical holes. of the top and bottom parts of the membrane are shown on both sides of the central image.

The conical holes were produced by repeating and alternating anodization at 40V and chemical etching with 5% phosphoric acid
solution at 20-30°C. Nanosculpturing of AAO membranes with hierarchical pore structures were obtained by applying three
different successive cyclic anodization steps: firstly, a cycle with a double-profiled cycle and lastly a series of triangular cycles.
SEM images of the resulting AAO membrane showed hierchical and multi-modulated pore structures consisting of three stacked
porous layers. Chemical etching led to periodically perforated pores (nanopores with nanoholes).

Surface plasmon resonance (LSPR)

A surface plasmon (SP) is an electromagnetic wave that propagates along the boundary between a dielectric and a metal and
behaves likes quasi-free electron plasma. The first report on plasmonic drop on a grating dates back to 1902, but it was thought
of as an anomaly in the spectrum. Later, a large drop in reflectivity spectrum when illuminating a thin metal film was noted, but it
did not relate to plasmon resonance. However, the drop in the reflectivity spectrum could be correlated to the excitation of
surface plasmons, in a different configuration of total internal reflection. It was only in the late 1970s when surface plasmons
were employed for the characterization of thin films and monitoring the process at metal boundaries.

These conditions are successfully satisfied at different wavelengths for several metals of which gold and silver are the most

commonly employed in SPR biosensors (Fig. 7). The real and imaginary parts of the propagation constant describe spatial
periodicity and attenuation of a surface plasmon in the direction of propagation, respectively. The electromagnetic field of an SP
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is confined at the metal-dielectric boundary and
decreases exponentially into both media. The vast
majority of the field of an SP is concentrated in the
dielectric, thus the propagation constant of the SP is
extremely sensitive to changes in the effective
refractive index of the dielectric. After the first study of
monitoring a biological reaction in the 1980s, surface
plasmon resonance (SPR) was recognized as the most
popular analytical method used to probe biological
interactions in real time. The advances in SPR
techniques over the last three decades have led to the
development of SPR systems capable of in situ
measurements of a wide range of surface interactions
including ligand binding affinity, association /
dissociation kinetics, affinity constant, and highly
sensitive surface concentration measurements. SPR
systems are mainly based on a configuration, where
surface plasmons are excited by an evanescent
electromagnetic wave generated by the light incident on
the surface of a prism coated with a thin layer of metal,
mostly gold or silver.

(a)

A (nm)

n

[

Figure 7 - Biosensor for trypsin: (a) Photoluminescence (PL) spectrum of
NAA showing Fabry-Pérot fringes and stepwise changes in PL in the . .
presence of trypsin at the pores; (b) Typical PL setup used for recording NAA b.asgd SPR blosgnsors are m0§tly based on a thin
luminescence of an NAA substrate along with the Fabry-Pérot fringes that ~ Metallic film-coated prism configuration. The metal

can be converted to PL. coated prism is subsequently coated with aluminum

which is anodized to grow a NAA layer. The surface
plasmons of a NAA layer on a prism surface rely strongly on the effective refractive index of the adjacent medium within
distances of approximately 200 nm from the metal film.

Surface enhanced Raman scattering spectroscopy (SERS)

The excitation or relaxation of vibrational modes of a molecule result in a change in wavelength that is observed in a photon that
undergoes Raman scattering. Every molecule has a different and specific Raman spectrum due to difference in the vibrational
energies of the functional groups it contains. However, the intensity of the Raman signal is dependent on the magnitude of
polarizability of the molecule which changes with the vibration of functional groups.

Therefore, aromatic molecules display a more intense Raman scattering than aliphatic molecules. The inherent shortcoming of
Raman scattering is that its typically an order of magnitude smaller than fluorescence. Therefore, the Raman signal is shadowed
by fluorescence emission in most cases. This strong enhancement of Raman signal is most often related to localized surface
plasmon resonance (LSPR) that causes enhancement of the local electromagnetic field around a plasmonic nanoparticle /
structure. These intense electromagnetic fields induce greater dipole movement in the target Raman scatterer, and accordingly,
the intensity of the inelastic scattering increases.

Reflectometric interference spectroscopy (RIFS)

Reflectometric interference spectroscopy (RIFS), is a label-free and highly sensitive optical detection method that is based on the
interaction of white light with films on a micrometer scale. In this technique, white light is shined on a thin film and reflected at
the two interfaces of the thin film, resulting in amplification of the reflected light signal at wavelengths corresponding to the optical
(FP) cavity formed by the thin film-surrounding medium system. Reflectometric interference is very efficiently utilized by nature
to provide structural colors to living organisms.
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This phenomenon was coupled with synthetic thin films in late 1980. Polymer and metal oxide thin films were fabricated to
obtain interference spectrum by monitoring the reflection. The reflection spectrum of these thin films presents intense and well-
resolved interference fringes with alternate maxima and minima.

This enhanced inelastic scattering process on @ .
enhanced Raman scattering (SERS) on a . (0) ot

roughened or organized plasmonic noble it

metal nanoparticle/substrate detects surface e
enhancement within the order of 10,000,000

of the typical Raman signal of the target i
Raman scatterer. This makes SERS an 798 e aver axmann

extremely sensitive system for qualitative and '

quantitative detection of trace amounts of
target Raman scattering molecules. NAA has
gained huge attention as a substrate for
developing SERS-based sensing systems
because of its well-defined nanoporous
structure, reliable reproducibility, cost-
competitive fabrication, high optical
transparency, minimal light scattering and
large surface area. Similar to LSPR, SERS-
NAA devices are also mostly fabricated by

evaporating or sputtering a metallic layer of s e "mg': -
silver or gold on the top bottom side of NAA &&ﬁlﬁ‘t '
substrates to generate periodic metallic . r
nanometric structures with controlled (€©) =
geometry. Furthermore, the ability to control o] = i Fii
and tune the pore structure of NAA enables 3 o] s |
tuning and optimization of SERS properties of ; = v
these SERS-NAA substrates at will for - ""’""j |
specific sensing applications. The SERS s |
enhancement factor G can be calculated to T
evaluate the enhancement ability of such s R
substrates. The enhancement factor is given e e
by: Figure 8- Schema}tic diagram demor)strating the procedur.e.for (a) decorating NAA
with gold nanoparticles; (b) the chemical structure of 2,4-dinitrotoluene and the
G = (lacs/Nacs)/(Iout/Nouk) schematic of Raman measurement of 2,4-DNT with different laser excitation angles

parallel (1,2,3) and perpendicular (4) to the pore axes and (c) the Raman spectrum

) ) ) o of DNT powder and 1000 ppm 2,4-DNT on each substrate shown schematically in (b).
where lags is the intensity of a vibration mode

in SERS spectrum, and louk is the intensity of the same mode in the normal Raman spectrum. Nags and Nouik are the numbers of
molecules probed in the SERS spectrum and in normal Raman spectrum, respectively.

Raman signal enhancements in the range 1,000,000-10,000,000 range have been reported on NAA substrates decorated with
gold and silver nanoparticles grafted onto or in situ synthesized inside NAA nanopores.

For this, the inner surface of a commercially available NAA membrane was first modified with poly-(diallyldimethylammonium
chloride) (PDDA), using spin coating followed by incubation with gold nanoparticles approximately 32 nm in size to generate “hot
spots” inside the NAA pores (Fig. 8). These SERS-NAA substrates were then employed for the detection of trace amounts of 2,4-
dinitrotoluene (2,4-DNT, TNT-based plastic explosive) with modest Raman cross-section. It has been reported that this class of
compound is usually not detected by conventional Raman measurements. With this metal nanoparticle-decorated NAA
substrate, a Raman signal enhancement on the order of 1.1 x 1,0000,000 was achieved. SERS performance of gold
nanoparticle-decorated NAA for the detection of 2,4-DNT was found to be superior. A similar strategy was reported to decorate
NAA with silver nanoparticles and the performance of the resulting SERS-NAA substrate was measured by detecting p-
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aminothiophenol. Pyridine, an important solvent and reagent for pharmaceutical and agrochemical applications was used as a
Raman scatterer to probe its sensing performance.

NAA-based electrochemical sensors

Electrochemical sensors (Figs. 9 and 10), depending on their principle of detection, can be divided into several types including
voltammetric, amperometric and impedometric. Although NAA is inherently insulating, the composite of NAA with electrically
conducting materials or redox active species have been successfully used to develop voltammetric or amperometric sensors.
NAA, in the form of a membrane after removal of barrier layer, has been used as a flow-through impedometric, capacitive or
resistive sensor.
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Figure 9 - (a) Design of a NAA-based electrochemical nanosensor for detection of DENV-1 Dengue virus; (b) NAA nanosensor response
toward different concentrations of DENV-2 in 0.1M phosphate and (c) its corresponding linear calibration curve in long values.
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Figure 10 - (a) Construction scheme of NAA-based electrochemical DNA sensors; (b) current-signal response of a bare electrode to
increasing concentration of complementary target and (c) its corresponding calibration curve.
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Voltammetric and amperometric NAA sensors

Nanoporous anodic alumina can potentially support a large number of capture probes immobilized in its pores due to the large
surface area. This is an excellent characteristic for developing membrane type amperometric of voltammetric nano-sensor
platforms, which allows higher interaction between the anolyte and capture probe molecules through the pores. As mentioned
before, NAA is an electrical insulator, but its pores can be modified with a conductive layer or a redox-active species to transform
them into electro-active elements. A composite of NAA with a series of metal or metal oxide depositions (Au, Pt, SnO2), carbon
nanotubes (CNT), conductive polymers or other electrochemically active materials, have previously been reported for
electrochemical sensing of gas detection (vinyl chloride, ammonia, formaldehyde), glucose, hydrogen peroxide, cholesterol,
nucleotides and proteins, enzymatic activity and detection of cells. The electron transfer to the electrode is carried either
indirectly via a redox mediator between the NAA substrate and the immobilized molecules or directly by attached conducting
linkers using voltammetric and amperometric methods.

The most significant contribution to NAA-based electrochemical sensors has come from the development of a series of NAA-
based electrochemical immune-sensors, by growing an NAA layer onto a conducting platinum substrate. The inner surfaces of
the NAA-Pt pores were functionalized with antibodies specific to either dengue glucose oxidase. The antibody-antigen reaction
was probed by measuring the AC voltammetry signal of a redox indicator. In simple terms, attachment of a specific target
molecule inside impedes the diffusion of the redox mediator, therefore resulting in a low voltammetry signal. A three-electrode
system was employed which was comprised of a platinum auxiliary electrode, a silver-silver chloride reference electrode and an
alumina membrane working electrode. Similar to an antibody-antigen reaction hybridization of complementary target DNA with a
DNA probe immobilized inside the NAA pores influences the ionic conductivity of NAA pores. This approach was adopted for the
development of a nucleotide biosensor, where the signal was derived from redox across single wire Pt-electrode. Another NAA-
membrane based DNA biosensor probes immobilized inside the pores influences the pore size and thus the ionic conductivity of
the NAA membrane.

The sensing characteristics of voltammetric and amperometric NAA sensors have been improved by the modification of pores
with Prussian Blue (PB) or an iron hexacyanoferrate polymer based on their unique ion-exchange and electrocatalytic properties.

These highly ordered PB arrays act inside NAA as an ensemble of closely packed nano-electrodes, which highly improve the
analytical performances of glucose detection by electrocatalytically reducing enzymatically liberated H202. The resulting glucose
biosensor showed
(b) * excellent performance
with a broad linear
concentration range
over three orders of
magnitude and a low
detection limit of 1 uM.
Similarly, PB-NAA
0 WO 230 3000 300 sensors have been also
AL successfully
demonstrated for ion
selective detection of
Na* and K* ions.
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Figure 11 - (a) Schematic diagram showing the process of depositing Prussian Blue nanotubes inside NAA
pores and their use for virus sensing; (b) typical closed-circuit steady-state current response of a PB nano-
tube-based sensor toward DENV-2 virus and (c) its corresponding calibration plot showing normalized closed-
circuit steady-state current versus virus concentration.
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appropriate mediators or enzymes (Fig. 11). In this case, the PB nanotubes reduce H202 and are reduced themselves by
electron flow from the counter reaction taking place at the auxiliary electrode. For highly sensitive detection of dengue virus
serotype-2 (DENV-2), the resulting sensor displays an extremely fast reaction time of less than 3 min and outstanding lower
detection limit of 0.03 pfu/mL, which is comparable to a conventionally-used PCR setup.

Impedance, capacitance, conductance and resistance-based sensors

Electrochemical b of

impedance spectroscopy (b) ¢ i;:;g;x;g:; .
(EIS) has increased in g §| Rttt 2
popularity in recent years |[smaomm | .
due to its applicability in g . :

determining double-layer 2at

capacitance and in AC -

polarogra_phy, r . =
characterization of 2, .

electrode processes and ; c

biosensing applications s w = =™ = =
(Fig. 12). EIS studies the By Concentaticey Q)
system response to the Figure 12 - (a) Schematic diagram of NAA-based impedance sensors for the recognition of streptavidin and
application of periodic biotin interaction with certain areas of pores selectively opened with focused ion beam (FIB) technology;
small amplitude AC (b) graph showing changes of pore resistance against various concentrations of biotin for the pore areas

pulses at different opened using FIB.

frequencies. In simple terms, EIS measures the dielectric properties of a material as result of the interaction of the applied
electric field at different frequencies and the generated electric dipolar moment of the material. The removal of the oxide barrier
layer from the bottom of NAA pores reduces the electrical resistance and allows ionic current to flow through the pore bottom by
reducing the electrical resistance and the flow of ionic current through the pores. Therefore, NAA can act as a flow-through
sensor as the attachment of target species onto the capture probe inside the NAA pore hinders the transport of ionic species
across the membrane, influencing the electric dipole of the structure. Another advantage of the large internal surface area of
NAA pores is its ability to immobilize large amounts of capture probes for binding target species. This bending event can be
sensitively detected using impedance measurements.

Equivalent circuits based on different models can be generated to fit the experimental data and understand the electric behavior
and properties of NAA. NAA-based impedance sensors have been used for the detection and study of DNA hybridization,
protein and lipid membrane interactions, cancer cells, viruses and bacteria.

NAA, due to its high thermal stability, surface area and affinity towards gases and vapors, has been used as a substrate to
develop gas or humidity sensing devices. A capacitance- and resistance-based chip can be fabricated to measure relative
humidity (RH), using NAA layers grown on silicon wafers. Two different sensors, namely: (a) capacitance-based and (b)
resistance-based, were fabricated by growing two types of electrodes on the NAA surface (i.e., a vapor-permeable palladium
layer and a gold grid). The highest sensitivity of the capacitance-based RH sensors was found to be much higher than most off-
the-shelf commercial humidity sensors.

An environmental capacitive sensor based on NAA quantified polychlorinated biphenyls (PCBs), an environmental pollutant. The
cylindrical pores of NAA provide a large surface area for the adsorption of PCBs, which in turn can lead to enhancement of
capacitive response. PCBs can be adsorbed onto NAA pore walls by simply dropping a methanol solution of PCBs. This simple
NAA-based capacitive sensor also displays a good response to PCB even with the presence of a nonspecific interferent like
benzene. A parallel place capacitor model was used to understand the behavior of capacitance in the NAA sensor, which shows
an exponential increase of capacitance with increasing PCB concentration.

A nanocomposite of NAA with tungsten trioxide was used to develop a resistance-based sensor for toxic gases (i.e., nitrogen
dioxide, ammonia and ethanol). This type of sensor also displayed incremental resistance with increasing concentration of the
toxic gases.
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Apart from gas sensing, NAA-based conductivity sensors have been used to detect DNA hybridization and enzyme activity. The
DNA sensor can measure changes in ionic conductance as result of DNA hybridization inside NAA pores. In another study, a
NAA-based conductance sensor was used to establish the activity of enzyme immobilized (urease in this case) inside NAA
pores. This supports the concept that NAA-based electrochemical sensors can be used for both qualitative and quantitative
detection on anolytes or measuring kinetics of an anolyte-receptor reaction or enzyme-substrate reaction.

Summary and conclusions

Over the past several years, significant progress, has been made with regard to structural engineering and surface modification
of nanoporous AAO material. Much of this progress has been application-driven. In this review, we have drawn together
innovative approaches on controlling and designing structural growth of AAO with different sizes, arrangements, structures,
geometries and pore architectures.

Access to these structures is achieved by changing the anodization conditions such as current, voltage and type of electrolyte
during electrochemically self-ordering of AAO. Researchers are also pushing the boundaries of molecular separations using
AAO with pores of controlled shape and size, internal surface modification and by exploring the effect external parameters, such
as, pH, flux concentration gradient and ionic strength.

An excellent consistency between experimental results and theoretical predictions of the interpore distance was observed for the
highest studied anodizing time and the highest methanol content in the anodizing electrolyte.

Future reports on structural and chemical modifications of NAA will facilitate the development of even smarter and advanced
sensing devices. Finally, we can conclude there is a bright opportunity for development of miniature sensing devices based on
NAA as lab-on-a chip systems for point of care diagnostics, industrial and environmental applications.
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