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Anodic aluminium oxide (AAO) has been investigated and utilized
in numerous products for almost a century. But the rapidly increas-
ing interest in nanoscale materials and their outstanding proper-
ties has propelled nanoporous AAO to the fore as one of the most
popular nanomaterial with applications across a gamut of areas
including molecular separation, catalysis, energy generation and
storage, electronics and photonics, sensors and biosensors, drug
delivery and template synthesis. Material fabrication of AAO is
based on facile and inexpensive electrochemical anodization with
the self-ordering process of nanopores not requiring any lithogra-
phy or templating, and the outcome of the process are perfectly
ordered and size controlled nanopores with distinctive pore geom-
etries. Recent research on AAO is characterized by a remarkable
trajectory of innovation, in particular with regards to control of
surface functionality and, concomitantly, to the design of intricate
structural features such as modulated, branched, and multilayered
pore architectures. This review illuminates research on recent
development of AAO focussing on surface and structural engineer-
ing, and on emerging applications. Key examples and critical
preparative issues and resulting improvements sparking opportu-
nities for further applications in AAO properties are discussed.
We conclude this review with an outlook providing a critical per-
spective on future trends on surface and structural engineering of
AAO.
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1. Introduction

Ordered porous structures from the molecular to the macro-level are widely used in nature [1–3]. In-
deed, these pore structures with their elegant and intricate designs have played pivotal roles in many
biological processes [4]. These processes include transport of nutrients through the cell wall, selective
transport of small or specific molecules or solutes, energy or charge transport, gas adsorption, ion ex-
change, signalling, and many other activities [5–7]. Arguably, the most significant feature of these nat-
ure-designed structures is their multifunctional properties and creation through unique genetically
guided self-assembled processes. Indeed, self-assembly, or the spontaneous organization of small indi-
vidual subunits into larger scale ordered and stable structures, is ubiquitous in nature [8]. It is therefore
not surprising that the concept of mimicking these processes through the development of man-made
periodically ordered porous materials that resemble nature’s structural design has attracted a consider-
able amount of attention in materials science.

Self-assembly and self-organized (or self-ordered) fabrication processes are recognized as cost
effective, and the most elegant route in nanotechnology leading to the generation of complex and
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functional nanostructured materials [9,10]. Several synthetic approaches based on chemical, electro-
chemical, sol–gel and hydrothermal methods involving self-organization have been explored for their
synthesis using both top-down and bottom-up approaches [10,11]. For example, exploiting the phe-
nomenon of self-ordering during electrochemical anodization of metals has resulted in successful fab-
rication of highly ordered nanoporous metal oxide structures including anodic alumina oxide (AAO),
nanotubular titania oxide (TNT) and porous silicon (pSi) [12–16]. There are numerous advantages of
this method of fabrication in comparison to conventional lithography-based fabrication methods
including cost effectiveness, wide accessibility, the capability of top–bottom fabrication with nano-
scale precision and access to high aspect ratio structures [17,18].

AAO prepared by anodization of aluminium (Al) is a prime example of the self-ordered electro-
chemical process. Ordered AAO stands out due to its remarkable properties such as chemical, thermal
stability, hardness and high surface area [14,18,19]. Over the past decade, we have witnessed the
emergence of various applications based on AAO membranes such as molecular separation, separa-
tion, chemical/biological sensing devices, cell adhesion, catalysis, energy storage and drug delivery
vehicles. More than 2000 papers were published on this topic in last decade (Thomas Reuters, Web
of Knowledge, September 2012). All these applications require AAO with appropriate structural prop-
erties, which can be achieved through judicious choice of chemical and structural modification steps.

This review presents recent developments on AAO primarily focussing on surface and structural
engineering and emerging applications. Firstly, the basic properties and fabrication of AAO including
the current stage of development is described, followed by a brief description of the self-ordering pro-
cess for nanopore formation. Regarding structural modifications, recent advances in fabrication proce-
dures toward structural modification and generation of AAO with complex pore geometries of AAO
structures, resulting in branched, multilayered, modulated and hierarchically complex pores architec-
tures are presented. Then, recent progress on surface modification of AAO using both wet chemical
synthesis and gas-phase methods is highlighted. Several key examples of wet chemical synthesis
are given based on self-assembly (self-assembled monolayers (SAMs)), organic acids, lipid bilayers,
layer-by-layer deposition), polymer grafting, sol–gel deposition as well as electrochemical and elec-
troless deposition. The gas-phase surface modification methods of AAO including physical vapor depo-
Fig. 1. Scheme showing the typical AAO structure and the major applications for this nanostructured material.
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sition (PVD), chemical vapor deposition (CVD), atomic layer deposition (ADL) and plasma polymeriza-
tion are discussed. Finally, to show how surface and structural modifications are being implemented
into advanced applications, AAO-enabled progress in technologies including sensing (chemo- and bio-
sensing), molecular separation, catalysis, biomedical applications for local drug delivery, implants and
cell growth, molecular electronics, optics, photonics, solar cells, fuel cells, and energy storage are high-
lighted (Fig. 1).
2. Basic properties of AAO

The structure of AAO can be described as a close-packed hexagonal array of parallel cylindrical
nanopores perpendicular to the surface on top of the underlying Al substrates (Fig. 2a). The pore struc-
tures are characterized by parameters such as: pore organization (hexagonal), pore diameter, inter-
pore distance (cell diameter), wall thickness, pore length and barrier layer thickness. By controlling
anodization conditions, these parameters can be precisely tuned in the range of about 10–400 nm
for pore diameter, 50–600 nm for interpore distance, pore aspect ratio from 10 to 5000, a thickness
of the porous layer from 10 nm to 150 lm, a pore density from 109 to 1011 cm�2 and porosity from
5% to 50% [20–22].

Numerous studies over the last decades have explored the anodization conditions of Al metal, such
as the applied potential [23–25], current [26,27], pH and electrolyte type [28–30], electrolyte compo-
sition and concentration [30], temperature [31], and pre-patterning of the surface [32–34] in order to
Fig. 2. (a) Schematic drawing of AAO structure prepared by electrochemical anodization of Al. (b) Summary of self-ordering
voltage and corresponding interpore distance of AAO produced within three well-known regimes of electrolytes (sulfuric, oxalic
and phosphoric). (c) (Top) SEM cross-sectional view of AAO membrane formed by MA (0.3 M H2C2O4, 1 �C, 40 V) and (bottom)
by HA (at 140 V) for 2 h (insets: SEM top view of pore structures). Adapted and permission from Refs. [41,45].
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achieve improved control of the self-ordering process and hence highly ordered AAO pore structures
with desired and tunable pore diameters and interpore spacing. As depicted in Fig. 2b, three different
electrolytes including sulfuric, oxalic and phosphoric acids are commonly used for anodization pro-
cesses. Under conventional anodization conditions, also called ‘‘mild’’ anodization (MA), ordered ar-
rays of alumina nanopores can be obtained within three well-known growth regimes: with sulfuric
acid as electrolyte at 25 V for an interpore distance (Dint) = 63 nm, with oxalic acid at 40 V for
Dint = 100 nm, and with phosphoric acid at 195 V for Dint = 500 nm (Fig. 2c) [35–38]. Several studies
have shown that other acids such as chromic, boric, citric and tartaric acid can also be used for prep-
aration of AAO, but with inferior pore ordering in comparison with the three common electrolytes. The
fabrication procedure for AAO with controlled pore diameters and their characterization have been
described in several reviews [39,40].

Arguably, the most significant progress toward fabrication of AAO with a high degree of pore order
has been made by Masuda and Fukuda by introducing a two-step anodization approach [33]. A first
anodization step is followed by removal of the first generated porous layer, which results in pre-struc-
turing of Al and facilitates the propagation of pores with long-range order over the entire surface in a
subsequent anodization step. However, the main disadvantage of this process is the tediously slow
fabrication speed (1–2 lm h�1), which requires almost two working days to prepare an AAO mem-
brane. To solve this problem of throughput, a new method called hard (HA) or high-field anodization
has recently been introduced by the Gösele group. This method achieves considerably higher anodiza-
tion speeds of 50–100 lm h�1 [41]. The HA process has been implemented with all three common
electrolytes (sulfuric, oxalic and phosphoric acid) and provides more options for controlling pore
diameters and interpore distance. The combination of anodization with additional chemical wet
chemical etching further expands the opportunities for controlling the structural parameters in AAO
[41,42].
3. Self-ordering electrochemistry for nanopore formation

Self-ordering pore formation during anodization is reported for selected metals including Al, Ti Ta,
Hf, W, Zr, Nb (frequently called valve metals) and their alloys, under appropriate experimental condi-
tions (Fig. 3) [14,30,43–46]. The process is influenced by the type of electrolyte, the electrolyte concen-
tration, pH, temperature, applied voltage and current, as well as the surface pre-texturing. Tuning the
pore to nanotube morphology has been demonstrated for some metals (Ti, Zr, Ta, Hf) by changing
these anodization parameters.

At the beginning of the anodization process under constant voltage conditions, the metal surface is
covered entirely with a compact and uniform oxide layer. Once this layer has formed, the current den-
sity drops rapidly (Stage I). The distribution of the electric field (E) strongly depends on inhomogene-
ities and surface roughness of the oxide layer, leading to a locally focused electric field and depressions
at the oxide–electrolyte interface (Stage II). As a result, electric-field-assisted dissolution of the oxide
layer takes place and the first localized pores are formed and become sites for further pore growth
(Stage III). Consequently, an increase in ionic migration will lead to an increase in current density until
pores completely cover the entire surface. Further anodization process increases propagation of indi-
vidual pores through the oxide layer where maximum electric field is concentrated at the pore tip and
decreases towards pore walls. The pores are not uniform at this stage, although prolonged anodization
improves pore order to some extent. At this stage, there is a competition between oxide growth at the
pore bottom and at the same time oxide dissolution processes at barrier oxide layer interfaces. Finally,
the pore growth process reaches a steady state and uniformly distributed pores are formed (Stage IV)
[14,44–47].

Whilst the mechanism of pore formation is still not fully resolved, it is generally accepted that the
driving force for the self-ordering process can be attributed to a stress-driven interface caused by the
repulsive forces between neighboring pores that lead to ideal self-organization. In the case of the AAO
self-assembly process, the elastic stress caused by volume expansion regulates the degree of unifor-
mity and drives the perfect cylindrical and hexagonal arrangement of pores [48]. In contrast to Al,
other metals such as Ti, Zr, Ta, Hf and W usually form tubular structures instead of pores [14,49,50].



Fig. 3. Schematic diagram of the self ordering process of pore formation by electrochemical anodization including
electrochemical cell set-up and typical current density curve of electrochemical anodization. Stages of pore growth: (I)
formation of oxide layer; (II) formation of pits by local electric field heterogeneities; (III) initial pore formation; (IV) pore growth
under steady-state conditions.
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The next section of this review deals with the exploitation of the nanopore formation process in
nanostructural engineering. This field is motivated by the desire to generate new and unusual nano-
pore architectures with advanced properties, paving the way to new applications.
4. Structural engineering of AAO pores

4.1. Controlling lateral pore arrangements and pore shapes by pre-patterning

The self-ordered hexagonal pattern of pore domains prepared by common anodization methods is
typically limited to a short-range order spanning only several microns. To fabricate AAO with ordered
pore arrangements over macroscale dimensions (mm–cm), and pores with arrangements other than
the hexagonal arrangement dictated by the self-ordering process or to introduce different pore geom-
etries including square or triangular ones, several strategies using pre-patterning of the Al surface
have been successfully demonstrated. These pre-patterning techniques include: imprinting by a
dot-like stamp [33], imprinting by a pyramidal stamp [51], colloid sphere lithography [52], elec-
tron-beam lithography [53], focused-ion beam lithography [54], holographic lithography [55], Ar plas-
ma etching [56] and direct writing laser (DWL) lithography [57]. The choice of the technique depends
on the scale of the required pore arrangement, the desired pattern and pore size and shape.

Pioneering work in this area comes from the Masuda group who formed an array of shallow
depressions on Al substrates by indentation with a Si mold and these depressions served as initiation
sites for the hole generation at the initial stage of anodization (Fig. 4a) [34]. By this method, pores with
different shapes (square and triangle) were produced according to the fabrication parameters or the
arrangement of the initiation sites (Fig. 4a and b). Subsequently, several studies to synthesize AAO
with non-hexagonal pore arrangements have been reported. Krishnan and Thompson prepared AAO
with a square patterns of nanopores by using mechanical indentation prior to anodization followed
by chemical etching [53]. Similar results were demonstrated by Sun et al. (Fig. 4c and e) showing that



Fig. 4. Schematic of Al pre-patterning and fabrication of AAO with complex pore architectures. (a) (i) texturing of Al by
imprinting using Ni mold, (ii) textured Al with ordered array of pits, (iii) anodization of Al, (iv) selective formation of holes
through barrier layer; (b) AAO with triangle shape; (c) square shape; (d) checkerboard pattern and (e) rhombus-shape with
twofold symmetry. Adapted with permission from Refs. [34,53,55,58,66].
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photoresist-grating pattern developed on silica substrate can be used as a mask to deposit an Al film.
Consequently, fabrication of AAO with square nanopores can be well controlled and designed over
macroscale areas during anodization [55,58].

Further progress in this area has seen the development of a variety of fabrication approaches with
exotic patterns and arrangements of AAO structures [52,59,60]. Examples include two-dimensional
nanopore arrays [61], alternating regions of Al and AAO arrays [62], patterned lateral pore arrange-
ments [63], microarrays of AAO spots formed by photolithography-based microstructuring [64] and
isolated nanopores [65]. AAO with mosaic checkboard patterns was demonstrated by Masuda et al.
through imprint-based pre-texturing using a mold with alternating defects in the square lattice of
convex structures (Fig. 4d) [66].
4.2. Complex internal pore architectures

AAO membranes with complex internal pore architectures hold considerable prospects for the
development of advanced molecular separation and sensing platforms or use as templates for the fab-
rication of nanostructured nanowires and nanotubes with unique magnetic, electrical and optical
properties [67]. Several approaches have been explored to design modulated pore channels and archi-
tectures which include multi-step anodization where the type of electrolyte or electrolyte concentra-
tion is changed after each step, changing electrolyte temperature during anodization, variation of
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. In pioneering work by Li and Papad-
opoulos, the fabrication of Y-shaped pores (stem 40 nm in diameter and branches 28 nm in diameter)
was achieved by voltage reduction by a factor of 1/

p
2 during anodization [68]. This work sparked

extensive interest in the fabrication of hierarchically Y-branched structures as demonstrated by Meng
et al. (Fig. 5) [69]. The multiple branched pore structure was fabricated by a combination of reducing
the applied voltage by a factor of 1/

p
n (n = refer number of branch), changing the electrolyte after

each anodization step and thinning the barrier layer after each anodization step at the pore bottom
by chemical etching. Ho et al. reduced the anodization potential in several steps and applied chemical



Fig. 5. (Left): (i) Schematic showing the fabrication process, where pores with controlled architectures are developed by
consecutive steps of anodization and then used as molds to cast nanotubes and nanowires of complex geometries. (ii)
Schematic showing a catalogue of pore architectures categorized in the schematic based on four different hierarchies of
branching of stems: multiple generations of Y-branching from one stem, multiple branching from individual stems,
combination of Y-branching with each branch undergoing multiple-branching (or reverse), and a combination of multiple
branching with each branch developing multiple branches. (Right): Series of SEM images of multiply branched structures of
carbon nanotubes (CNT) confirming branched structure of the AAO template. The primary stem branches into 2 (A), 3 (B), 4
(C), and 16 (D) pores, respectively. The junctions are highlighted with white line contours for clarity. Adapted with
permission from Ref. [69].

A.M. Md Jani et al. / Progress in Materials Science 58 (2013) 636–704 643
etching after each step to fabricate AAO membranes with 3D multi-tiered branch nanostructures as
shown schematically in Fig. 6. Three-tiered branched AAO having an average pore diameter of
285 nm branching into four 125 nm sub-pores in the second tier and four 55 nm sub-pores in the third
tier was demonstrated (Fig. 6a–d) [70].

Another example of this concept for fabrication of tree-like nanopores achieved by exponential
reduction of anodization potential during oxide growth was reported by Cheng et al. [71]. The synthe-
sis of nonlinear nanopores of AAO membrane on geometrically shaped Al films has been demonstrated
by Zakeri et al. [72] who showed that the geometric shape of the Al substrate with two dimensions
less than 1 mm strongly affects the fabricated nanopore characteristics such as Y-shaped and dendritic
nanopores arrangements. Interestingly, in all reported cases of the hierarchical AAO structures, those
were then used as templates to prepare branched carbon nanotubes, nanowires and gold nanotrees
[68,69,71–73].

The variation of anodization condition by changing electrolytes allows the fabrication of AAO mem-
branes with periodic diameter-modulation in the pore structures [41]. Gösele et al. cleverly combined
the conventional MA and HA process to achieve periodic modulation of pore diameter. The length of
each segment was controlled by varying the time of the anodization process (Fig. 7). This approach
was extended to form shaped pores with nanofunnel geometry by Krishnan and Thompson [53].
The authors used stepwise anodization processes with two different electrolytes, first with phosphoric
acid followed by oxalic acid. Subsequently, an inverted nanofunnel was obtained by switching the
electrolytes sequence. More recently, Gösele’s group introduced a method called ‘‘pulse anodization’’
where both MA and HA processes were applied in the same electrolyte. The method is based on apply-
ing long low current pulses (MA regime) followed by short high current pulses (within the HA regime)



Fig. 6. (Left): Schematic 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 barrier layer. (v and vi) Third step, formation of third-tiered pores at further reduced anodization potential and final
pore widening and (middle) corresponding top views of all tiers. (Right): SEM microscopy of the resulting pore structures. (a
and b) Top and cross-sectional views of a two-tiered branched AAO prepared by combined anodization in 0.3 M phosphoric acid
(130 V) and 0.15 M oxalic acid (80 V) 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 0.3 M phosphoric acid (130 V), 0.15 M oxalic acid (80 V) and
0.15 M oxalic acid (80 V) followed by thinning of the barrier layer. Adapted with permission from Ref. [70].
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(Fig. 8). Although this method demonstrates the ability to create different pore diameters across the
AAO structure, it does not allow control over the shape of pore [42,74].
Fig. 7. Long-range ordered AAO membranes with modulated pore diameters. (Left): Scheme for the fabrication of porous
alumina with modulated pore diameters by a combination of MA and HA on a pre-patterned aluminium substrate. (Right): SEM
micrographs showing the cross-section of the prepared AAO with modulated pore diameters. Magnified cross-section images of
the top and bottom parts of the membrane are shown on both sides of the central image. Adapted with permission from Ref.
[41].



Fig. 8. (a) Scheme for the fabrication of AAO with modulated pore diameters by pulse anodization. (b) A typical current–time
(j–t) transient during pulse anodization of aluminium. Pulses consisting of an MA pulse (long) followed by an HA pulse (short)
were applied. (c and d) SEM images showing the cross-sectional view of an as-prepared multilayered AAO membrane. Dark and
bright image contrast areas correspond to MA- and HA-AAO segments, respectively. Adapted with permission from Ref. [42].
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Losic et al. reported a new anodization process, termed cyclic anodization to achieve improved con-
trol over internal pore shape. The concept is based on slow and oscillatory changes of anodization con-
ditions ranging from MA to HA regimes (Fig. 9). By changing the period of the current oscillation,
control over the geometry of pore structures was achieved and AAO with asymmetrical (ratchet-type)
and symmetrical (circular) periodic pore geometries, with different lengths, periodicity and gradients
were fabricated [75]. Periodic variations in pore diameter led to photonic crystal behavior in AAO as
observed by Biao et al. [76] in optical photographs and transmission spectra (Fig. 10). The color of the
sample and the diffraction peak position in the transmission spectra could be controlled easily by
using a chemical post-etching step. Similarly, Yamauchi et al. reported on fabricating AAO membranes
with conical holes. The conical holes were achieved by repeating and alternating anodization at 40 V
and chemical etching with 5% phosphoric acid solution at 30 �C [77]. Losic et al. demonstrated nano-
sculpturing of AAO membranes with hierarchical pore structures. A typical example is presented in
Fig. 11a and b. Three different successive cyclic anodization steps were applied, firstly a cycle with
a gradually increasing maximum amplitude, then anodization with a double-profiled cycle and lastly
a series of triangular cycles. SEM images of the resulting AAO membrane (ca. 8–10 lm thick) showed
hierarchical and multi-modulated pore structures consisting of three stacked porous layers [78].
Chemical etching led to periodically perforated pores (nanopores with nanoholes) as shown in
Fig. 11c and d.



Fig. 9. (a) Scheme of the galvanostatic cyclic anodization approach for structural modulation of AAO with shaped pore
geometry. (b) Modulated AAO pores fabricated by asymmetrical current signal (exponential saw-tooth) with two different
amplitudes showing pores with asymmetrical and, (c) ratchet-type geometry. (d) Influence of amplitude of current signal on the
geometry and the length of modulated segments. Anodization modes (MA, TA, HA) associated with corresponding anodization
currents are marked on the pore structures and graphs. Adapted with permission from Ref. [75].

Fig. 10. Optical photograph (left) and corresponding transmission spectra (right) of AAO membranes with modulated
structures before chemical etching (a), and after chemical etching for (b) 15, (c) 18 and (d) 20 min. Adapted with permission
from Ref. [76].
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Biswas et al. [79] investigated the effects of the rapid increase in electrolyte temperature and high
voltage up to 160 V, demonstrating rapid etching that led to 3D branched porous AAO membranes.
New self-ordered AAO produced at ultra-high anodization voltage (500–600 V) was recently described
by Yi et al. The high voltage produced rips and voids between the pores. Subsequent wet chemical
etching resulted in AAO with hollow nanostructures (Fig. 12a–g) [80].

In conclusion, AAO nanostructuring is an active research area focused on the development of new
fabrication concepts, preparation of more complex pore structures with unique properties suitable for



Fig. 11. (Top): (a–c) SEM image of AAO with multilayered pore architectures with different pore shapes and structural
modulation fabricated by multiple cyclic anodization in 0.1 M phosphoric acid with three successive galvanostatic anodization
steps by three different cyclic signals. (d) AAO with periodically perforated pores (nanopores with nanoholes) by chemical
etching. Adapted with permission from Ref. [78].
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diverse applications. We can expect more exciting future developments in this field. Template synthe-
sis of metal, carbon, semiconductor and polymer nanowires and nanotubes appears to be the primary
motivation for these studies. However, these sophisticated AAO structures should find applications in
other areas including molecular separation and in optics, for example as narrow-band filters.
5. Surface modification of nanoporous AAO

In the previous section, we described the recent advances 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 modifica-
tions and functionalization of AAO are expected to significantly expand the scope for applications of
AAO-based materials. Furthermore, effective combination of structural engineering and surface
manipulation will underpin a number of emerging applications.

The AAO surface is insulating and suffers from chemical instability in acidic environment which is a
disadvantage for some applications [81,82]. 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 modified via modification with organic molecules with the desired
functionality. The surface modification techniques that have been explored to improve surface prop-
erties and add new functionality to AAO can be divided into two groups: as wet chemical synthesis
and gas-phase techniques. The most common approaches for AAO surface modification are summa-
rized in Fig. 13. 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 thus introduced functionality with biomole-



Fig. 12. (a and b) (Left): Schematic diagrams of the fluctuating nanotube growth inside AAO films. (a) Stage of ultra-high Al
anodization process showing decomposition of Al(OH)3 from both sides resulting in AAO channels being separated from each
other. (b) The following process showing decomposition of hydroxide layer along the side surfaces followed by periodic growth
of lateral pores accompanied by current density oscillations and cell separation. (c and d) (Top): SEM images of (c) the cross-
sectional section of the AAO film prepared at 600 V and (d) AAO nanostructures fabricated by a subsequent chemical etching
(85 min). (e–g) (Bottom): SEM images of AAO hollow nanostructures fabricated by chemical etching processes using different
time (e) 90 min, (f) 110 min and (g) 140 min. Scale bars = 200 nm. Adapted with permission from Ref. [80].
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cules or nanoparticles can be carried out. Gas-phase surface modification techniques used for surface
modifications of AAO include thermal vapor metal deposition, chemical vapor deposition (CVD), plas-
ma processing and polymerization and atomic layer deposition (ALD). Combinations of these two
modification technique on AAO have also been described showing ability to tune surface functional-
ities and properties of AAO for specific applications.

5.1. Wet chemical techniques

5.1.1. Self assembled monolayers
Self-assembled monolayers (SAMs) are organic assemblies formed by spontaneous adsorption,

rearrangement and chemical reaction of molecules species from the liquid phase onto solid surfaces
[83]. SAMs of the desired functionality are straightforward to prepare on AAO in several ways. The
early work focused on SAM with alkanethiols on gold-coated AAO surfaces as envisaged by Martin
group [84]. However, the process of gold deposition is tedious and interest on SAM-based modification
of AAO has since shifted to the use of organosilanes, which can be applied directly to the native or
hydroxylated AAO surface.

5.1.1.1. Organosilane modification of AAO. Chemical modification using silanization is a simple and an
effective method to control the wettability and adsorption properties of AAO. Wide varieties of substi-
tuted silanes are commercially available and their attachment has a profound effect on the properties
of AAO (Table 1). Some of these silane modifiers are widely used as coupling agents or linkers to
immobilize other (bio)molecules, polymers, nanoparticles, DNA, cell and suspended lipid bilayers
on AAO surfaces. A high density of silane covalently bound on AAO surfaces can be obtained by silan-
ization of hydroxylated AAO membranes (as shown schematically in Fig. 14) [85,86].

The effectiveness of silane modification to change the AAO surface wettability has been demon-
strated in several reports. The most popular approach is to functionalize AAO with alkyl- or perflu-



Fig. 13. A wide range of approaches can be used to modify AAO surfaces by wet chemical and gas phase techniques.
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oroalkylsilanes [87–89]. The latter change the wettability of the membrane from 20� to 160�. Ku et al.
used alkyltrichlorosilanes with tail length from C1–C8 to chemically functionalize the AAO nanopores
[90]. They observed that even though AAO immersed in aqueous buffer, the hydrophobic nanopores
were filled with air due to the presence of alkyltrichlorosilanes, electrical conduction measured by
means of electrical impedance was still observed through a small number of ‘hydrophilically defective’
pores. In contrast, PEG-silanes have been used to increase the wettability of AAO and to prevent mem-
brane fouling properties in long term use [91], improve biocompatibility of AAO for immunoisolation
[92] and also to reduce the effective pore size of the AAO for molecular separations [93].

Post-functionalization of silanized AAO membranes is often carried out to either change the termi-
nal functional group [94,95] or to attach other molecular or nanoscale species including fluorescent
dyes, antibodies, peptides, enzymes, DNA, quantum dots, etc. to the reactive functional groups on
the membrane surface (e.g. amino, carboxy or aldehyde groups) (Fig. 15) [96–101]. Improved stability
of biomolecules immobilized on AAO in comparison to flat surfaces has been reported [102]. Cell adhe-
sive peptide ligands have also been covalently immobilized on 3-aminopropyl dimethylethoxysilane
coated AAO membranes to enhance adhesion of osteoblasts (bone forming cells). After silanization.
the functionalized AAO membrane was reacted with N-succinimidyl 3-maleimidopropionate followed
by arginine–glycine–aspartic acid–cysteine (RGDC) [103]. In another study, different sizes of AAO
nanopores were first modified with trichloro(phenyl)silane which then allowed the self-assembly of
diphenylalanine (Phe–Phe) dipeptide [104].

Silane-coated surfaces have also been used to suspend lipid bilayers over the pores of AAO
membranes functionalized with a grafted polymer layer (vide infra) [105–108]. This was achieved
by silanizing AAO with APTES followed by grafting of N-hydroxy-succinimidyl carbonatepolyethyl-
ene–glycol (NHS-PEG) and finally vesicle fusion onto the polymer layer. Alternatively, the amine func-



Table 1
Different biosensors based on AAO membranes.

Methods Biorecognition molecules attached on
membrane

Analyte Refs.

Electrochemical DNA Complementary
DNA

[298]

Optical DNA Complementary
DNA

[274,285]

Optical DNA [272,285]
Optical Morin [281]
Optical Cytochrome NADP+ [102]
Electrochemical Urea [100,306]
Electrochemical Ion (Rubby) [94]
Optical Streptavidin Biotin [99]
Electrochemical DNA [96,97]
Electrochemical DNA [98]
Optical Angiotensin I,

verapamil
[382]

Electrochemical IgM Virus [213]
Optical BSA BSA, Ig [273,301]
Electrochemical Anti-HRP Antibody [383]
Electrochemical HRP Anti-HRP [383]
Electrochemical Oligomer DNA

hybridization
[299]

Optical Dendrimers DNA
hybridization

[276]

Optical – DNA pattern [384]
Optical Typsinogen and

ribonuclease B
[290]

Electrochemical Cytochrome P450 LDL-Cholesterol [292]
Electrochemical Enzyme Choline [293]
Electrochemical Antibody Virus [385]
Electrochemical Amperometric

signal
[304]

Electrochemical Thrombin Anti Thrombin Ig [305]
Electrochemical Glucose oxidase HRP enzyme [336]
Electrochemical Glucose oxidase Glucose [245,294]
Electrochemical Glucose oxidase Glucose [386]
Electrochemical Glucose oxidase Glucose [295]
Electrochemical Yeast BOD [387]
Electrochemical N,N-dimethylformamide,

tetrabutylammonium perchlorate
divinylbenzene

Glucose [388]

Electrochemical Suspended lipid bilayers Metal ions [126]

Si
H3CO OCH3

O

NH2

OH

AAO membrane

OH

NH2

Si(O3H3C)

H2O2

Fig. 14. Common schematic route of silanization used for surface modification on AAO membranes. Adapted with permission
from Ref. [85].
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Fig. 15. Silanization of hydroxylated AAO surface with isocyanatopropyl triethoxysilane and subsequent immobilization of
amino-terminated DNA.
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tion of the APTES-coated surface was reacted with the carboxyl group of 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-carboxypolyethylene- glycol 2000 (DSPE-PEG2000COOH) inside AAO pores
[107]. It was suggested that PEG chains act as tethering agent and are capable of triggering vesicle fu-
sion as well as help maintain the fluidity of the bilayers [106,107].

Recently, the surface-attached APTES has been used as an initiator for grafting polymer brushes of
poly(c-benzyl-L-glutamate) (PBLG) via surface-initiated polymerization on the AAO membrane sur-
face, generating a membrane with favorable properties for membrane filtration and separation [71].
Li et al. [109] reacted an APTES-functionalized surface with the initiator 2-bromoisobutyryl bromide
(BIBB), suitable for grafting of poly(N-isopropylacrylamide (PNIPAM) via atom-transfer radical poly-
merization (ATRP). The grafting density of PNIPAM on AAO membranes could be controlled by chang-
ing the density of the ATRP initiator. Bruening and co-workers demonstrated that the initial step of
activating the membrane surface with silane can be excluded by employing a custom-synthesized ini-
tiator 11-[(2-bromo-2-methyl)propionyloxy]-undecyltrichlorosilane for grafting poly(2-hydroxyethyl
methacrylates (PHEMA) brushes on AAO surfaces [110,111]. Likewise, an APTES-functionalized surface
was used to fabricate palladium nanotubes by electroless deposition [112] by sensitizing the mem-
brane with an aqueous solution of SnCl2 and HCl followed by a solution of PdCl2 and HCl. Likewise,
Sehayek et al. [113] used an APTES-functionalized AAO membrane as a template to form solid, elec-
trically conductive nanoparticle-decorated nanotubes by passing a citrate-stabilized metal (Au or
Ag) nanoparticle solution through the pores of the functionalized AAO membrane. Preparation of
bimetallic Au–Pd nanotubes has also been demonstrated using this approach. Accumulation in the
wet stage and solidification of nanoparticles upon drying promoted the formation of multiwall metal-
lic nanotubes inside AAO [114]. In a different approach, AAO functionalized with 1H,1H,2H,2H-per-
fluorodecyltricholorsilane was reported to help minimize the adhesion between the pore wall and
polyacrylate nanofibers formed using pressure impregnation and photo-crosslinking inside nanopores
[115].

Our group has recently demonstrated multifunctional and multilayered surface modification of
AAO nanopores with distinctly different internal and external surface properties [116]. The multilay-
ered surface functionalities was successfully fabricated by combining a series of anodization and sil-
anization cycles with different silanes for instance pentafluorophenyldimethylpropylchlorosilane
(PFPTES), APTES and N-triethoxysilylpropyl-(O-polyethyleneoxide)urethane (PEG-silane), achieving
a range of functionalities and wettabilities (Fig. 16). This approach also enabled control over the
thickness of individual functional layers inside the pore matrix, and to selectively bind gold
nanoparticles on amino-functionalized layers. Selective transport experiments with hydrophobic



Fig. 16. (a) Schematic of the opening of an AAO membrane with different silane functionality on the very top of the membrane
and the inside of the pores. (b) Schematic of anodization and silanization cycles to produce an AAO membrane with multiple
silane layers Adapted with permission from Ref. [116].
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and hydrophilic molecules on pores with hydrophobic and hydrophilic layer subsequently verified the
effectiveness of our modification approach and showed an elegant approach to tune chemical
separation properties of AAO membranes [117].
5.1.1.2. Functionalization with organic acids. In addition to organosilanes, the formation of SAMs on me-
tal oxide surface from organic acids has received considerable attention in the past two decades and
recently has been applied for modification of AAO. The initial studies by Allara and Nuzzo reported on
the adsorption of n-alkanoic acids of long carbon chains (16–22 carbons) terminated with a variety of
end groups such as methyl, vinyl or propargyl groups [118]. The proposed reaction scheme of n-alka-
noic on a hydroxylated AAO surface is shown in Fig. 17 [118–120]. Recently, Chang and Suen used two
different n-alkanoic acids, namely octanoic and octadecanoic acid, to render the AAO membrane
hydrophobic. The longer alkyl chain of the latter acid was anticipated to increase hydrophobicity of
the surface. Based on bovine serum albumin (BSA) adsorption results, the octadecanoic modified sur-
faces demonstrated higher protein adsorption (3–19%) as compared to octanoic acid (2–8%) modified
surfaces [120]. The same authors extended their work by studying the attachment of three different
fluorinated organic acids (trifluoroacetic acid, perfluoropentanoicacid and 2,3,4,5,6-pentafluoroben-
zoic acid) resulting in hydrophobic AAO membranes. The water contact angle (CA) measurements
demonstrated the highest CA of 107� for perfluoropentanoic acid followed by trifluoroacetic and
2,3,4,5,6-pentafluorobenzoic acid with CA of 104� and 98�, respectively. Interestingly, the hydropho-
bicity of the fluorinated surfaces was significantly lower than that of the octadecanoic acid modified
surfaces (CA = 130�) [121]. A variety of fluorinated and non-fluorinated carboxylic acids have been
used for surface modification of AAO by Karaman et al. [122]. In contrast to Chang et al. they found
OOOH
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Fig. 17. Reaction scheme of AAO membrane with n-alkanoic acid. Adapted with permission from Ref. [120].
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that the fluorinated surfaces had a higher CA than the non-fluorinated ones (105� vs. 50–70�). The dis-
crepancy might be due to the shorter short hydrocarbon chains (C3–C4) used in the study by Karaman
et al. Other organic molecules such as stearic acid and methyl stearate also chemisorb onto AAO sur-
face [123] with the acid forming a denser monolayer than the ester. Maat et al. showed that it is pos-
sible to display alkynes functional groups on the AAO surface using 1,15-hexadecadiyne surfaces and
that the alkyne functional group then facilitates the attachment of 11-azidoundecyl lactoside using
the Cu(I)-catalyzed alkyne–azide cycloaddition reaction. The lactosylated surfaces showed increased
colonization of Candida albicans compared to unmodified surfaces [124].
5.1.1.3. Lipid bilayers. Since lipid bilayers are well-established mimics of biological cell membranes,
there is great interest in their integration with AAO pore structures in order to assemble artificial bi-
layer membranes with improved stability over traditional free-standing bilayers (also known as black
lipid membranes, BLMs) [125]. Depending on the deposition method, the size of the pores and the sur-
face chemistry, lipid bilayers self-assemble on the top of AAO membranes (forming suspended bilay-
ers) or inside the nanopores (forming conformal bilayers) [126–128].

Steinem et al. prepared suspended lipid bilayers on highly ordered AAO supports and observed
long-term stability of this system combined with the ability to monitor ion channel activities
[126,129–132]. Their fabrication approach consisted of gold coating an AAO surface followed by for-
mation of a SAM of alkanethiols with a negatively charged head group. Fusion of lipid vesicle featuring
positively charged lipid head groups led to a suspended bilayer architecture and prevented vesicle fu-
sion inside the pores as shown in Fig. 18a. The group also prepared so-called nano-BLMs on AAO mem-
branes by ‘‘painting’’ of lipid solution over a gold-alkanethiol modified surface. The resulting lipid
bilayer membranes exhibit high membrane resistance up to 1.6 � 108 X suitable for single ion channel
measurements (Fig. 18b). In contrast, fusion of lipid vesicles inside AAO nanopores has been achieved
using silanes-coated membranes as illustrated in Fig. 19a [106]. Pioneering work by Smirnov and Pol-
uektov led to multilamellar lipid nanotubes (LNTs) by exposure of the AAO to multilamelar vesicles or
extruder deposition (Fig. 19b) [127,133]. By the latter technique, the wall thickness of the resultant
LNTs can be controlled [134]. The formation of LNT architectures can be confirmed by means of
spin-labeling electron paramagnetic resonance (EPR), solid state NMR spectroscopy and fluorescence
microscopy using fluorescent lipids [135].

In a different approach, Largueze et al. [107] deposited tethered lipid bilayer membrane inside AAO
channels. The lipid bilayer membrane was prepared following the step-by-step techniques inside the
Fig. 18. (a) Schematic presentation of pore suspending bilayers made by fusion of large unilamellar vesicles on 3-
mercaptopropionic acid monolayer functionalized Au-coated AAO substrates. (b) Corresponding absolute value of the
impedance jZj(f) and phase shift �xðf Þ of a functionalized AAO substrate prior to the addition of the vesicle suspension (h) and
30 h after vesicle addition (j). The solid line corresponds to a fit using an equivalent circuit. Electrolyte: 0.1 M NaCl. Adapted
with permission from Refs. [126,130].



Fig. 19. (a) Top: Structure of the AAO membrane with underlying Au layer as host for self-assembled lipid bilayer. Bottom:
Enlarged view of pore bottom showing self-assembled lipid bilayer along the pore wall on polymer-functionalized surfaces
[106]. (b) Schematic of single lipid nanotubes (LNTs) propagating inside an AAO pore by capillary action [127].

654 A.M. Md Jani et al. / Progress in Materials Science 58 (2013) 636–704
pores with the last step being PEG-triggered fusion of the surface-attached liposomes. The pore bot-
tom of AAO was first gold-coated and functionalized with an undecanethiol SAM whilst the pore walls
were modified by APTES. The system was incubated with liposomes which were then triggered to fuse
using PEG. The authors demonstrated the importance to incorporate lipid membrane inside pores to
prevent membrane dewetting. These studies showed that by integration of lipid bilayers and nanopore
structures it is possible to design sensitive biomimetic nano-channel based sensing devices and use
them to study protein membrane interactions.

5.1.1.4. Layer-by-layer deposition. Layer-by-Layer (LbL) deposition is a simple, yet versatile and inex-
pensive technique, which involves construction of polyelectrolyte multilayers (PEMs) films by alter-
nate dipping of a substrate into polyelectrolyte solutions of alternating charge (Fig. 20a) [154]. The
film thickness can be easily controlled at the nanometer scale. The resulting layers can be further func-
tionalized with biomolecules or nanoparticles. The most popular polyelectrolytes used for LbL depo-
sition are polyacrylic acid (PAA), polyallylamine hydrochloride (PAH), polystyrene sulfonate (PSS) and
polydiallyldimethylammonium chloride (PDADMAC) [136].

In pioneering work by Balachandra et al., PAA partially complexed with Cu2+ ions was first ab-
sorbed onto an UV/ozone treated AAO membrane followed by immersion in a solution of PAH. The
above procedure was repeated until the desired numbers of bilayers were deposited and conformal
and smooth films were formed on the AAO [137]. Most of the studies show AAO pores were not
clogged after deposition of five to seven PEM bilayers thus enabling this system to be employed
molecular size selective transport [138–141]. The number of PEMs layers combined with different
compositions of PEMs (i.e. PSS/PAH, PE-PSS/PAH, (PSS/PDADMAC)4PSS) significantly influenced the
flux, transport, rejection rate and selectivity of solutes through these functionalized membranes
[138,141,142]. More recently, Ouyang et al. demonstrated the effect of deposition conditions such
as pH, electrolyte concentration and the effect of the charge of the outer polyelectrolyte layer on
the AAO membrane on molecular separation of cations [142]. PSS/PAH films or composites of PSS/
PDADMAC + PSS/PAH showed effective rejection of Mg2+ transport from solutions containing NaCl
and MgCl2. The selectivity of Mg2+ rejection could be enhanced by increasing the charge of the termi-
nated PAH layer by means of increasing ionic strength in the PAH deposition solution.

Dai et al. [143] deposited PEMs of [PAA/PAH]3PAH followed by immobilization of antibodies on the
carboxylic groups of the PAA layers using carbodiimide coupling (Fig. 20b). The resulting coating re-



Fig. 20. (a) Schematic of a pore of AAO membrane modified by adsorption of two polyelectrolytes of opposing charge. Adapted
with permission from Ref. [154]. (b) Schematic of a pore of AAO membrane modified by adsorption of polyelectrolytes followed
by carbodiimide coupling of an antibody. Adapted with permission from Ref. [143].
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sisted nonspecific protein adsorption. Charged polyelectrolytes on AAO membranes also allowed the
immobilization of citrate-stabilized gold nanoparticles on PEMs under retention of the nanoparticles’
catalytic activity as demonstrated by Dotzauer et al. [144].

The interested reader is also referred to a review on the synthesis and properties of LbL films inside
AAO pores [145].
5.1.2. Polymer modifications
The covalent attachment of polymer chains inside nanopores is an alternative functionalization

approach allowing the fine control of surface chemistry, functionality, density and thickness of the
AAO membrane’s coating. Polymer layers can be either attached on the top of the pores or inside
the pores. Polymer-modified AAO membranes have shown improved binding capacity, selectivity,
biocompatibility, stability and lubricant properties in comparison to non-modified AAO membranes.
The two most significant approaches for polymer modification of AAO are polymer grafting and
plasma polymerization (vide infra). The modification of AAO membranes with polymer brushes by
grafting approaches can be achieved via non-covalent and covalent interactions between the
polymer chains and the membrane. The arguably simplest method involves physisorption of
polymer brushes including poly(2-methoxy-5-(20-ethyl-hexyloxy)-p-phenylenevinylene (MEHPPV)
or poly(2,3,-diphenyl)phenylenevinylene) (DP-PPV) into the pores of AAO membranes as demon-
strated by Qi et al. [146]. However, the physisorption of polymer brushes suffers from poor stability.
Covalent grafting is generally carried out through either ‘‘grafting to’’ or ‘‘grafting from’’ approaches
via atom transfer radical polymerization (ATRP), reversible addition-fragmentation chain transfer
polymerization (RAFT) or plasma-induced graft polymerization [147,148]. The resulting polymer
brushes contain multiple binding sites that give rise to high binding capacities. Moreover, the poly-
mers can be easily modified with ligands that exhibit specific biological recognition and provide high
selectivity. An AAO membrane with PAA brushes was prepared by grafting amino-terminal poly(tert-
butyl acrylate (PTBA) to the top layer of an AAO pores modified with carboxylic acid groups, followed
by deprotection of the tert-butyl groups [149]. In this case, the pores remained free of polymer.

Sun et al. [110] employed an ATRP approach to modify and control the growth of PHEMA brushes
capped with nitrilotriacetate–Cu2+ (NTA–Cu2+) complexes that produced membranes with bovine ser-
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um albumin (BSA)-binding capacity. Instead of using NTA–Cu2+ complexes, the same group extended
the work by synthesizing PHEMA–NTA–Ni2+ brushes coating inside AAO pores which allow to bind oli-
gohistidine-tagged ubiquitin for protein purification (Fig. 21) [111]. Balacandra and co-workers used
the ATRP method to synthesize ultrathin cross-linked poly(ethylene glycol dimethacrylate) (PEGDMA)
or linear PHEMA brushes on AAO supports with coating thicknesses of approximately 50 and 20 nm,
respectively. Gas permeation studies demonstrated that PEGDMA modified membranes have CO2/CH4

selectivity of 20 and O2/N2 selectivity of 2, whereas PHEMA modified membranes showed slightly low-
er selectivity. However, post-modification of the hydroxyl group of PHEMA with pentadecafluoroocta-
noyl chloride increased the selectivity of CO2/CH4 to 8 [150]. The post-modification approach of
PHEMA was further extended by the same group by introducing a range of side chains such as octyl,
hexadecyl or pentadecafluorooctyl chains rendering the surface hydrophobic and suitable for the sep-
aration of volatile organic compounds (VOCs) from water (Fig. 22) [151]. In contrast, Grajales et al.
[152] coated AAO surfaces and copolymerized of poly(ethylene glycol methyl ether methacrylate)
(PEGMEMA) monomers with different PEG chain lengths thereby avoiding crystallization of PEG side
chains and maintaining the amorphous state of the polymer brushes for more than 1 year. The func-
tionalized membrane afforded high permeability of CO2 and selectivity of CO2 over H2. More recently,
Lee and Penn [153] have reported a method to derivatize AAO pore walls with epoxide groups and
subsequently graft amino-terminated polystyrene chains (PS-NH2) to these active sites. Other charac-
teristics of polymer brushes grafted on AAO membranes have been reviewed in detail by Bruening
et al. [154].

Thermo-responsive polymer brushes of PNIPAM and similar polymers have been intensively ex-
plored and received considerable attention in the recent past. The switchable properties such as
hydrophilic/hydrophobic switching at the lower critical solution temperature (LCST) make this poly-
mer attractive for a variety of applications [155]. ATRP technology has been used to synthesis PNIPAM
grafted on AAO membranes. Li et al. [109] first immobilized APTES on the AAO membrane followed by
post-modification with initiator BIBB and subsequently polymerized NIPAM from the surface. The
density of PNIPAM could be controlled by adjusting the reaction time of silanes on AAO surfaces whilst
Fig. 21. (a) Schematic diagram showing binding of His-tagged protein to NTA–Ni2+-derivatized PHEMA polymer brushes inside
an AAO pore. Adapted with permission from Ref. [111].
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the length of grafted PNIPAM was tuned by changing the temperature, time and monomer concentra-
tion. Cui et al. used ATRP to synthesize co-polymers of PNIPAM-co-N,N0-methylenebisacrylamide on a
BIBB-APTES functionalized AAO membrane [156,157]. Alternatively, Fu et al. [158] used one step
approach using an AAO membrane functionalized with the ATRP initiator 1-(trichlorosilyl)-2-[m/p-
(chloromethyl) phenyl]ethane followed by PNIPAM grafting. The length of the polymer controlled
the size of the pore opening of the membrane but also the surface roughness and the interfacial energy
(Fig. 23). Wang et al. demonstrated the preparation of molecular imprinted polymers (MIPs) using sur-
face-initiated ATRP on an AAO membrane [159].



Fig. 23. Topographical AFM images of PNIPAM-grafted AAO: (i) bare AAO membranes (templates) in air; (ii) PNIPAM-grafted
membranes in water at 25 �C; (iii) PNIPAM-grafted membranes in water at 40 �C. Adapted with permission from Ref. [158].
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The effect of pore geometry on the AAO membrane grafted with poly(methyl methacrylates)
(PMMA) by ATRP was demonstrated by Gorman et al. [160]. AAO-grown polymer brushes showed
lower molecular weight and broader molecular weight distribution when compared to polymers
grown in solution. This shows that confinement effects due to narrow pore size have an effect on
the polymer growth kinetics and lead to an increase in polydispersity. Surface grafting of poly(c-ben-
zyl-L-glutamate) (PBLG) on AAO surfaces was demonstrated by Lau et al. [161]. In their work,
APTES-modified AAO was used as surface initiator for polymerization with N-carboxy anhydride of
benzyl-L-glutamate monomers to produce high density PBLG. The formation of PBLG inside AAO nano-
channels was monitored in situ by means of optical waveguide spectroscopy.

Shi et al. fabricated chitosan (CS)-AAO composite membrane with uniform pore size and porosity.
The preparation of CS-AAO composite membrane involved activating the hydroxylated AAO mem-
brane with 3-glycidoxypropyltrimethoxysilane (GPTMS) followed by grafting of CS. After exposing
composite CS-AAO with CuSO4 solution, the Cu2+ capped CS-AAO composite membranes was success-
fully used as separation and purification of hemoglobin from red cell lysate [162]. In another recent
study, thin layer of silica was deposited on the AAO surface to introduce reactive groups for PAA graft-
ing. PAA grafting was achieved by activating the silica-coated AAO with 3-glycidoxypropyl trimethox-
ysilane resulting in a pH sensitive membrane. The observation of pH sensitive membrane was
monitored at a pH between 3 and 5, and at the same time EIS studies showed that the resistance of
the membrane increased from 4.3 � 105 X cm2 at pH 2 to 1.3 � 106 X cm2 at pH 6 [163].

In addition, a number of strategies have been developed for protein immobilization using conduct-
ing polymers. For example, Oliveira et al. coated AAO membranes with either polyethyleneimine (PEI)
or polyaniline (PANI) and used them as supports for enzymes immobilization. AAO-PEI composite was
fabricated following the cross-flow filtration of the polymer solution through the membrane, whereas
AAO-PANI was prepared using surface chemical polymerization technique where MnO2 was used as
oxidizing agent for aniline polymerization. After glutaraldehyde activation, horseradish peroxidase
and trypsin were immobilized on the composites [164]. Jeon et al. fabricated electrically responsive
polymer based on polypyrrole (PPy) doped with dodecylbenzenesulfonate (DBS) anion that was elec-
tropolymerized on the upper part of AAO pore structures. Using this approach, the pore size of AAO
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could be acutated electrically depending on electrochemical state of PPy/DBS. The actuation processes
were confirmed byin situatomic force microscopy and flux measurement [165].

5.1.3. Sol–gel chemistry
The sol–gel assembly process on AAO nanopores involves the hydrolysis of precursor solutions on

the AAO substrate by immersion, dipping or spin coating. The solvent is then evaporated and a glassy
gel is formed inside the pores [166]. Consequently, the surface is thermally treated in order to remove
the remaining solvent from the system. The precursor solution and the surfactant play significant roles
in self-assembly process of sol–gel structures forming inside AAO channels [167]. The benefit of sur-
face modification by using the sol–gel technique lies in the ability to (1) synthesize high purity mate-
rials at relatively low temperature, (2) prepare homogenous and multi-component structure by
mixing precursor solutions and (3) control processing parameters allowing the synthesis of materials
with different properties such as structure, thermal stability and surface reactivity (using precursors
with additional functional groups) [168,169]. So far, the application of sol–gel techniques on AAO has
been dominated by a templating strategy for the preparation of nanocomposite silica [170], carbon
[171], metal oxides such as TiO2 [172], PbTiO3 [173], composite TiO2–silica [174], LiCoO2 [175],
SnO2 [176], Si [177], NiO [178] and polymer derived SiOC [179] using sol–gel approaches. Tetrame-
thoxysilane (TMOS) and tetraethoxysilane (TEOS) are the most widely used starting materials for sil-
ica-based modifications of AAO. In some cases, the AAO template was removed and liberated and free-
standing nanotube and nanorod structure were created. In other cases, AAO composites membranes
were prepared with reduced pore dimensions and different surface chemistries.

Lee et al. [180] demonstrated preparation of AAO/silica composite membranes using AAO as a tem-
plate to deposit silica nanotubes by the sol–gel template technique. The prepared silica nanotubes
were then reacted with aldehyde terminated silanes. This modification method allowed the conjuga-
tion of an antibody that selectively binds to one enantiomer of a therapeutic drug. Recently, Yamag-
uchi et al. employed a rather simple fabrication procedure of spotting precursor solutions containing
cationic cetyltrimethylammonium bromide (CTAB) as structure directing agent and TEOS as the silica
source onto the AAO membrane, and obtained aligned and columnar ordered silica nanochannels
(Fig. 24) [170]. Platschek et al. [181,182] extended this work by demonstrating systematically adjust-
able orientation of mesoporous silica structures by combining sol–gel and evaporation-induced self-
assembly (EISA). By varying the amount and type of structure directing agent such as CTAB or EO20-

PO70EO20 (Pluronic 123, P123 or Brij56) and by adding inorganic salts, they investigated the effect
of interfacial interactions on the orientation of silica nanochannels confined within AAO membranes.
They demonstrated that CTAB promoted the orientation of hexagonally structured mesopores along
the AAO channels, whereas non-ionic surfactants such as P123 or Brij56 led to the formation of either
circular or columnar orientations. Furthermore, the authors found that the mesophase structure could
be tuned by adjusting the moisture content of deposited sample and humidity during drying process.
The Steinhart group used the same approach to fabricate silica nanowires containing linear mesocage
arrays. In their experiment, a mixture of TEOS, polystyrene-block-poly(ethylene oxide) (PS-b-PEO),
HCl, ethanol and toluene infiltrated into AAO membrane and EISA then promoted the formation of
spherical PS domains in a PEO/TEOS matrix. After gelation for 24 h, the PS-b-PEO matrix was removed
through calcinations, leaving behind silica nanowires with elongated spherical voids (Fig. 25c) [174].

Wu et al. [183] fabricated silica-P123 composite mesostructures within AAO channels using a sol–
gel dip-coating technique. They observed remarkably rigid single and double helical mesoporous silica
frameworks formed within the AAO channels which retained their morphologies after removal of the
surfactant (Fig. 25a and b). Silica nanorod arrays were fabricated using the same surfactant (P123) but
slightly modified sol–gel conditions [184]. An improved and new strategy of synthesizing silica nano-
tubes with orientation controlled mesopores in AAO membranes was developed by Zhang et al. Rather
than using a conventional dipping process, the group slowly added TEOS and a P123 precursor into the
channel of AAO one after the other, promoting interfacial growth of silica nanotubes. In addition, they
showed that the orientation of the silica nanotubes can be regulated without any modification of the
channel surface or applying any external forces as routinely performed in previous studies [185].

Recently, Cazacu et al. [186] produced silica-coated AAO nanochannels using CTAB and TEOS,
where the inner silica surface was then functionalized with hydrophobic octadecyltrimethoxysilane



Fig. 24. (a) Schematic illustration of the columnar structures of silica–surfactant nanocomposite formed inside the columnar
AAO pores (pores inside pores). (b) Cross-sectional view of the AAO membrane after treatment with cetyltrimethylammonium
bromide (CTAB) and TEOS as silica source (scale bar 1 lm). (c) Low magnification TEM images of the AAO membrane with the
silica–surfactant nanocomposites inside the columnar AAO pores. (d) High magnification of (c). Scale bars correspond to 100 nm
(c) and 50 nm (d). Adapted with permission from Ref. [170].
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(ODS). Macrocylic receptors such as hexylureidobenzo-15-crown-5 or hexylureidobenzo-18-crown-6
were then adsorbed on these membranes. The internal structures of the receptor functionalized pores
changed in the presence of alkali metal salts and forming stacked macrocyclic ion channel architec-
tures. Likewise, lysine was attached to AAO–silica composites via glutaraldehyde as a cross-linker
[187]. Silica nanotubes could also be prepared using less common precursors such as SiCl4 by absorb-
ing these molecules on the hydrated membrane surface followed by a hydrolysis process to form SiO2

[188].
Relatively little work has been done on non-silica based sol–gel coatings on AAO. Rorvik et al.

showed that different concentrations of sol solutions did not have a significant effect on the resulting
wall thickness of ferroelectric lead titanate (PbTiO3) nanotube inside AAO membranes [173]. Ordered
NiO nanotubes arrays embedded in AAO have been prepared using a nickel–ammonia complex solu-
tion as a precursor. The nanotubes were reported to possess polycrystalline structure with diameters
of about 200 nm and wall thickness of 60 nm [178]. More recently, high aspect ratio TiO2 nanotube
arrays have been prepared through LbL titania deposition process. In this fashion, AAO was exposed
to series of deposition cycles to aqueous protamine and titania precursor-bearing solutions. The ability
of protamine to bind to alumina and titania, and to induce the formation of a Ti–O-bearing coating



Fig. 25. (a) Summary of the experimentally observed confined evolution of mesostructures within AAO nanochannels of
varying diameter. (b) Cross-sectional electron microscope images of the mesostructured silica nanomaterials prepared from the
as-made AAO templates with pore diameters of 83 nm. (c) Self-assembly of the ordered silica–surfactant nanocomposites in the
channels of the AAO membranes with approximately equal distribution of columnar and circular geometry as well as an AAO
pore with a hybrid structure, inset higher magnification. Adapted with permission from Refs. [174,183,185].
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upon exposure to the TiBALDH (Ti(IV) bis-ammonium-lactato-dihydroxide) precursor enabled the
assembly of a conformal protamine/Ti–O-bearing coating on the nanochannel surfaces within the
AAO template. Subsequent protamine pyrolysis produced co-continuous networks of pores and titania
nanoparticles which was then used as electrode for dye-synthesized solar cells [189].

Wang et al. recently synthesized mesoporous carbon nanostructures such as carbon fibers with
a core–shell structure and carbon ribbons with circular mesopores running parallel to the longitu-
dinal axis of the ribbons within the pores of AAO membranes [171]. In this work, phenol–formal-
dehyde presol was used as precursor solution combined with varieties of cationic (CTAB) and
amphiphilic surfactants such as F127 (EO106PO70EO106) and P123. After the sol infiltrated the pores
of AAO membrane and changed into a gel during aging process, the membrane was calcined at
600 �C for 3 h to produce carbonized mesoporous walls. Platschek et al. controlled the morphology
of the synthesized 1-D mesoporous carbons by tuning the resol-to-surfactant ratio and by employ-
ing different types of surfactants. The same group employed titanium tetraisopropoxide (TTIP) as
the titania source and P123 as the structure-directing agent to prepare titania nanotubes with
mesoporous walls within AAO membranes and used the resulting structures as an electrode in a
high rate rechargeable lithium battery [190]. The topic of sol–gel modifications of AAO and tem-
plate synthesis using AAO template membranes has been extensively covered in a review paper
by Bae et al. [191].
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5.1.4. Electrochemical deposition of metals
Electrochemical deposition of metals provides a simple, inexpensive and approach for conformal

surface modification of AAO. In comparison to chemical vapor deposition (CVD), atomic layer deposi-
tion (ALD) and thermal metal deposition, the electrode deposition is low cost and does not require
expensive equipment and special conditions (e.g. high vacuum) [192]. The process requires a simple
electrochemical cell and potentiostat or power supply which are common instruments available in
every chemical lab. In most cases, a thin metal layer (commonly Au) is deposited on one face of the
AAO membrane, to serve as working electrode for metal electrodeposition. Most studies employing
electrochemical deposition focus on template synthesis of metal nanowires, nanorods, nanotubes
and nanoparticles [30,34,84,193–195].

Segmented Ag–Au alloy nanowires prepared inside an AAO membrane via the electrodeposition
technique are described by the Gösele group [195]. The Ag component could then be selectively re-
moved using nitric acid. Lee et al. developed an alternating current (AC) technique for dielectropho-
retic assembly of gold nanoparticles in AAO membrane [196]. By fabricating sacrificial and shell
layers of metal nanowires in the pores of AAO membranes followed by electrodeposition, well-aligned
nanochains were prepared after removing the sacrificial layers and subsequent annealing (Fig. 26)
[197]. In another study, Lee et al. fabricated hollow multisegmented metallic nanotubes using com-
bined electroless and electrochemical methods. In this work, SnII was first deposited on AAO pore
walls by immersing the AAO membranes in SnCl2 solution. Subsequently, Ag nanoparticles were
immobilized on AAO pore walls by spontaneous reduction of AgI by SnII via a sensitization–preactiva-
tion process. These two steps constituted one single deposition cycle which was repeated several
times. Ag nanoparticles immobilized on the surfaces of AAO membranes were isolated from each other
without the formation of a continuous conduction path for current transport. Subsequent electrode-
position of Au led to the formation of Au nanotube in AAO channels with a bimetallic stacked
Fig. 26. SEM images of multisegmented metal nanotubes with a stacked configuration of metal inside AAO. (a) Cross-sectional
SEM image of Au–Ni–Au–Ni–Au along the nanotube axis. The signals from Au and Ni are shown in yellow and purple,
respectively. (b and c) SEM images of multisegmented metal nanotubes after removal of the AAO matrix with NaOH. (c) Clearly
shows the stacked configuration of multisegmented metal nanotubes in which the segments with bright and dark image
contrasts correspond to Au and Ni, respectively. (d) SEM image of Au nanochains embedded in AAO nanotubes by annealing of
the coated nanowires. (e) SEM image of 10 gold segments along separated by Ag gap segments in AAO membrane. Adapted with
permission from Refs. [197–199].
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configuration [198]. Burdick et al. [199] demonstrated high-throughput fabrication of alternate mul-
tisegment deposition of gold with short gaps of Ag. Likewise, Hoang et al. demonstrated growth of
multisegmented nanorods comprising Au and sacrificial Ag segments using an electrochemical wet
etching approach [200]. Recent advancement in the synthesis of multisegmented nanorods and nano-
wires consists of metal, semiconductor and conducting polymer prepared by electrochemical deposi-
tion have been reviewed by Hurst et al. [192].

The Masuda group recently developed a method to fabricate layered 3D Au nanoparticle arrays in-
side an AAO matrix for use as a surface-enhanced Raman scattering (SERS) substrate. The electrode-
position of Au nanoparticles inside AAO channel was demonstrated by AC electrolysis of AAO at
25 V in an electrolyte containing chloroauric acid. The number of layers of the Au nanoparticle array
was determined by the number of repetitions of this process, and the gap size between Au nanopar-
ticles was determined by the duration of anodization after the electrochemical deposition of Au [201].

5.1.5. Electroless metal deposition
Electroless deposition is a chemical reduction process of metal cations (dissolved in aqueous solu-

tion) to an insoluble state [202]. These processes take place simultaneously at the targeted surface
without the need for it to be conductive. Metal deposition on the surface is triggered by a catalyst
(reducing agent) in solution [203]. Martin et al. first applied this approach to AAO membranes using
gold deposition [84]. These gold nanotube/AAO composite membranes were successfully used for
molecular separations showing size, charge and chemistry based selectivity [12,204]. By varying the
electroless deposition time, hollow tubes can be obtained with short deposition time while solid nano-
rods can be obtained using longer deposition time [192]. Recently, Cheng et al. used the electroless
deposition technique to fabricate SERS-active Au nanoparticles (AuNPs) arrays with tuneable particle
gaps on AAO substrates. They reported that pH and the temperature are the main factor controlling
the size, shape and aggregation of AuNP, as well as the inter-particle distance [205]. Catalytic and SERS
properties of gold nanotubes inside AAO pores were demonstrated as results of clustered gold surface
inside nanotubes as a result of gold nucleation process during chemical deposition [206,207].

Wang et al. [112] synthesized a range of metals nanotube arrays in AAO templates including Co, Ni
and Cu arrays via electroless deposition on APTES-functionalized AAO membranes. The inner diameter
of nanotubes can be tailored by adjusting the deposition times whereas the length of the nanotubes is
determined by the thickness of the AAO template (Fig. 27). Other studies conducted by Azizi et al. saw
the fabrication of end-closed NiCoFe-B nanotube arrays by immersion of the Pd sensitized AAO mem-
brane into the electrolyte bath containing NiSO4�6H2O, CoSO4�7H2O, FeSO4�7H2O, lactic acid and
dimethylamine borane. Zhou et al. found that a high yield of amorphous Ni–W–P nanoparticles with
uniform size could be fabricated by electroless deposition inside AAO. The resulting Ni–W–P nanopar-
ticles possessed a low coercivity at room temperature [208]. Zhang et al. synthesized Ag nanotubes
with lengths over 10 lm inside AAO membranes [209]. Likewise, Ag nanoparticles with uniform size
and smooth surface were deposited inside AAO using this technique [210,211].

5.2. Gas-phase techniques

To improve structural, physical and chemical properties of AAO, gas-phase techniques including
thermal vapor deposition, sputtering, pulsed laser deposition, chemical vapor deposition and plasma
polymerization are employed to deposit a wide range of materials from metals, metal oxides, complex
oxides, ceramics, nitrides to carbon nanotubes [67]. These methods offer many opportunities to im-
prove the properties of AAO for specific applications from tuning the size of pore structures, chemical
conversion of alumina and for the replication of pore structures into nanowires and nanotubes.

5.2.1. Metal coating using thermal vapor deposition
Metal modifications of AAO using thermal vapor deposition technique have been explored using

metals including gold, silver, platinum, palladium, titanium, nickel, etc. The aim of these modifications
was typically to improve conductivity and chemical stability of the AAO material but also to introduce
some new properties (catalytic, electrochemical, magnetic, optical and transport) [67]. AAO coated
with metal such as Au, Pd, Pt, Ti/TiO2 has reportedly improved catalytic properties, whereas magnetic



Fig. 27. Top view SEM images of (a) Co nanotube and (b) Co nanowire arrays prepared via electroless deposition with different
plating time of (a) 10 min and (b) 30 min. Adapted with permission from Ref. [112].
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properties have been introduced by coating with Ni or Co. Metal coating also served as the basis for
further chemical modification of AAO to help in binding various chemical and biological species in par-
ticular for optical sensing and molecular separation applications. Both thermal and sputtering tech-
niques were used for AAO modifications based on the deposition of thin metal films on the top of
AAO surface. The main disadvantage of these techniques is that only the top part of the nanopores
can be modified and deposition of internal pore surface is limited.

Gold-coated AAO membranes were also used as a base layer to assemble LbL of a,x-dio-
rganophosphonate/zirconium (IV). This base layer was critical to achieving a conformal multilayers
rather than multilayers suspended over the pores [212]. Platinum-coated AAO membranes were pre-
pared by Toh et al. for selective transport and separations of charged proteins. In this work, both sides
of the AAO membranes were sputtered with Pt and electrical potential was applied to create a high
electric field during separation experiments of charged proteins. In addition, further size selective sep-
aration was achieved by increasing the thickness of sputtered Pt layer [213,214]. Hexagonal arrange-
ments of AAO membranes were exploited by several groups for coating with silver to prepare SERS



Fig. 28. SEM images obtained from the Ag-coated AAO membranes formed using different Ag sputtering times of (a) 15 and (b)
20 min. The scale bar is 100 nm. (c) SERS spectra of Rhodamine 6G-adsorbed Ag-coated PAA membranes corresponding to those
in (a) and (b), demonstrating the intensity variation of the SERS signal at 1510 cm�1. Adapted with permission from Ref. [215].
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substrates [215,216]. An Ag layer deposited by using a direct-current magnetron sputtering system
was reported to exhibit high Raman signal due to an abundance of silver nanoparticle hot spots
(Fig. 28) [215]. The design of a silver nanocap array with uniform and highly reproducible SERS-active
properties may open new opportunities for the fabrication of robust, exceptionally sensitive,
Fig. 29. SEM images of Pt deposited on AAO membranes by pulsed laser deposition. The equivalent thickness, t, of the deposit is
(a) 40 nm; (b) 68 nm; (c) 160 nm and (d) 320 nm. The Ek of the species impinging on the AAO membrane was kept constant at
4 eV at�1. On the thinnest deposit (a), the inset shows that Pt nanoaggregates are preferentially located at the neck of the pore
walls of the AAO membrane. Adapted with permission from Ref. [217].
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cost-effective, large-area SERS-based sensors. In an alternative approach, Periera et al. used pulsed la-
ser deposition (PLD) technique to modify AAO channels with a thick film of pure metal i.e. Au, Pt or
bimetal of (Pt–Ru) (Fig. 29). This was achieved by optimizing the kinetic energy of the deposited metal
in contact with the AAO substrate [217]. Wang et al. combined physical vapor deposition, gating ion
milling and thermal annealing techniques for fabrication of metal nanodot arrays on AAO [218].
5.2.2. Plasma polymer deposition
Plasma polymerization is an engineering friendly surface modification technique producing stable

and cross-linked films of controlled thickness and with the chemical functionality being determined
by the choice of the monomer [219]. This technique is particularly attractive due to the ability to gen-
erate reactive and biocompatible polymer surfaces with a range of functional groups including amine,
carboxyl, hydroxyl, epoxy and aldehyde groups that can be used for further modification.

The first report of plasma treatment on AAO membranes was by Brevnov et al. [220], who prepared
Janus-type membranes with a hydrophilic and hydrophobic side. The hydrophobic side of the mem-
branes with a water contact angle (WCA) of 150� was prepared by deposition of a 120 nm fluorocarbon
polymer layer by inductively coupled plasma polymerization of C4F8. The plasma polymer film was
stable for a month as indicated by a stable WCA. Nevertheless, the pore diameter of these functional-
ized regions decreased significantly from 160 to 80 nm. The other side of the membrane was left
unmodified and showed a WCA of <20�.

In order to improve both structural and surface properties of AAO membranes, Losic et al. success-
fully implemented surface modification of AAO by plasma polymerization of n-heptylamine (Fig. 30)
[221]. The diameter of AAO membrane pores could be precisely tuned from 20 nm to <5 nm by adjust-
ing the duration of the plasma treatment (Fig. 30b).
5.2.3. Atomic layer deposition (ALD)
A key feature of the ALD technique pioneered by Suntola and Antson in the 1970s is its ability to

prepare highly conformal films on non-line-of-sight surfaces. ALD growth rates of films are typically
less than one monolayer per deposition cycle depending on the temperature, substrate and deposition
Fig. 30. Top: Schematic diagram of plasma polymerization of n-heptylamine on a AAO membrane. Bottom: AFM images
(contact mode) of the top surface of bare AAO membranes; (a) and AAO membranes modified with n-heptylamine plasma
polymer using deposition times of (b) 20 s, (c) 50 s and (d) 200 s. The scale bars are 100 nm. The insets reproduce the structure
of single pores. Adapted with permission from Ref. [221].
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condition employed. ALD permits the deposition of a broad range of materials including oxides, ni-
trides, sulfides and metals with coating that shows high mechanical, chemical and thermal stability
and attractive optical properties. Therefore it is not surprising that this technique has been exploited
for surface modification of AAO [222].

Pioneering work on ALD modification of AAO demonstrated that ALD of silica, titania and alumina
can be used to controllably reduce the pore dimensions of AAO, improving its catalytic, optical and
transport properties [223–226]. Velleman et al. [87] deposited silica (SiO2) on AAO by the ALD method
to reduce pore diameter followed by surface modification with specific silane chemistry to achieve
chemical selectivity in molecular transport. Different ALD strategies have been applied to coat AAO
nanopores using single metal oxide (Fe2O3, ZnO, TiO), mixtures of metal oxides (SiO2/Fe2O3/SiO2), ni-
trides (WNx), composite materials (TiN–Al2O3–TiN) and carbon nanotubes (CNTs) using conventional
gase or even liquid phase ALD achieving a range of nanostructured materials with high surface area
and properties suitable for photoelectrodes, photonic crystals, photovoltaic devices and nanocapaci-
tors [227–231].

Bachmann et al. [232] have fabricated ordered magnetic Fe2O3 nanotube arrays by means of ALD
using AAO membranes as templates. More recently, Pitzschel et al. [228] used regulated AAO mem-
brane prepared by a combination of HA and MA anodization techniques for fabrication of layered
nanotubes composed of SiO2/Fe2O3/SiO2 using ferrocene and APTES as precursors for ALD. Similarly,
Banerjee et al. prepared alternate layers of metal–insulator–metal (MIM) by depositing TiN–Al2O3–
TiN multilayers inside AAO nanopores yielding nanotubular capacitors with equivalent planar capac-
itance up to 100 lF cm�2 [227]. In a different strategy, dye-sensitized solar cells (DSSCs) made of ZnO-
coated AAO membranes have been prepared by alternate exposure of the membrane to diethyl zinc
and water vapor at a temperature of 200 �C, annealing at 400 �C in air for 30 min to increase crystal-
linity, followed by selective ALD of Al doped ZnO (AZO) on one side of the membrane (Fig. 31) [233].
The Martison group grew indium tin oxide (ITO) inside AAO via ALD to fabricate semiconducting DSSC
[234]. The ALD technique also has been applied to produce Ta2O5 and TiO2 thin films on the pore walls
of AAO templates [174,230,235].

A comprehensive review on ALD and application of this technique using various metal and metal
oxides can be found in Refs. [222,236,237].

5.2.4. Chemical vapor deposition (CVD)
Chemical vapor deposition (CVD) is a chemical process involving the dissociation of gaseous mol-

ecules or activation of chemical reactions by heat, light or plasma to form stable and conformal films
Fig. 31. Cross-sectional SEM image of commercial AAO membrane pores coated with 20 nm of ZnO by ALD. Adapted with
permission from Ref. [233].
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on a substrate [238]. CVD offers excellent control over coating thickness and coverage, and sustains
fast growth rates as compared to other deposition processes. The most popular method for AAO
modification is CVD growth of carbon layers and carbon nanotubes (CNTs) inside pores [52,59,
239–241]. Several excellent reviews on CNT preparation via CVD in AAO template are available
[60,145,242,243]. Vertically aligned CNT arrays of controllable height were achieved combining
CVD, ion milling and chemical etching. In this architecture, carbon layer were grown within the pore
using CVD via pyrolysis of acetylene gas at elevated high temperature (600 �C) for 1 h [241]. The CNT
arrays were obtained by partially removing the top surface of AAO template by ion milling, followed
by chemical etching. Poop et al. used propylene and argon as carrier gas to demonstrate non-catalytic
CVD of carbon in an AAO template with the gas flow in the direction of the pore axes [240]. The use of
hydrocarbon precursors without of catalyst to fabricate catalyst-free multi-walled CNT inside AAO
template also has been demonstrated recently [239,244]. The AAO surface can act as catalyst showing
advantages of AAO for catalyst-free synthesis of CNT which are expected to be more biocompatible as
the presence of catalyst is usually linked to toxicity of CNTs [244].

Ansari et al. [245] used plasma-enhanced CVD (PECVD) to modify AAO surfaces with metal oxides.
In this approach, hydrated SnCl4�xH2O was used as a precursor and pure oxygen as reactant gas. Since
the vapor is carried by plasma, it eliminates the vapor condensation issues on the surface of the sub-
strate. Low temperature deposition process (<400 �C) was possible. Crystallinity of thin films SnO2 in-
creased with increasing plasma power. A similar approach was used to grow amorphous
nanocrystalline silicon films on AAO substrate [246].
6. Emerging applications

The unique properties of AAO membranes such as the highly ordered pore structures, uniform pore
size, controllable pore geometry, surface chemistry, and high surface area are main features which
made this material an attractive platform for a number of applications. Furthermore, highly ordered
pore arrays of AAO have been extensively used as a template in fabrication of various nanostructured
materials, providing a more cost-effective alternative to lithographic techniques and eliminating the
need for sophisticated, expensive facilities as well as time-consuming processes. A prime example
is the fabrication of ordered metal nanowires in AAO templates that can be applied to lithium ion bat-
teries, energy storage, solar cells, recording media, resistors, transistors, switches, molecular junctions
and nanoreactors. Other key applications include templated nanostructured conducting polymers and
carbon nanotubes with interesting electrical, optical, and photoelectric properties.

A variety of chemo- and biosensors have been developed using AAO as transducers. Another impor-
tant area is the use of AAO as catalytic membranes. Due to the material’s high surface area, a large
amount of enzyme or synthetic catalyst can be immobilized within an AAO membrane, affording high
reaction rates. Moreover, controlling surface chemistry of AAO membrane allows altering the charge,
functionality, permeability, reactivity and selectivity of the material. A range of sophisticated molec-
ular separation tasks have been explored on AAO engineered in terms of surface chemistry and pore
size including the separation of enantiomers, multivalent ions, amino acids, proteins and nucleic acids.
As another example, suspended lipid bilayers on AAO nanopores and lipid nanotube arrays assembled
inside AAO pores provide an ideal model supported membrane for membrane-associated proteins
studies. Furthermore, AAO-based materials have been exploited as scaffolds for tissue engineering
making use of the controlled cell-material surface interactions. Finally, recent research suggests that
the material holds considerable potential as a drug or gene delivery carrier, enabling controlled release
of therapeutic molecules.
6.1. Template synthesis

Template synthesis has been shown to be a popular approach for fabricating nanostructured mate-
rials. The advantage of this approach is that it does not require sophisticated instrumentation
and allows the fabrication of uniform sizes of nanomaterials of broad origin with high yield
[191,192,204,247]. The advantages of using AAO as a template are: (1) pore structures with controlled
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structural properties (pore diameter, modulated pore structure and lengths) can be easily fabricated,
(2) uniformity of pore diameters with high pore density (1011 cm�2), (3) cylindrical pore geometry
with high aspect ratio and (4) easy dissolution of AAO template with acidic or alkaline solution with-
out affecting the fabricated nanostructures confined inside the nanopores. Alternatively, the nano-
structures can remain inside the pores of AAO template and used as a composite material or
support for various applications. The high thermal and mechanical stability of AAO membrane allows
them to be used as templates in relatively high temperature gas phase synthesis via ALD or CVD.

Since it was first introduced by Martin [84], this method has been employed to prepare variety of
one dimensional nanostructured materials made from metals (Ag, Au, Bi, Cu, Co, Fe, In, Ni, Pt, Pd, Pb,
Sn, Sb, Zn) [84,248–250], metal oxides (Co3O4Fe2O3, MnO2, SnO2, BaTiO3, Bi2O3, PbTiO3, SiO2, SnO2,
V2O5, ZrO2) [251–253], alloys (Co–P, Fe–Pd, Ni–P, Cd–Te–Au, Bi2Te3) [254,255], semiconductors (CdSe,
GaMnAs, TiO2, WO3, ZnO) [193,249,256,257], polymers [(polypyrrole, PANI, polystyrene, poly(sodium
4-styrene sulfonate (PSS), PEI, poly(3-methylthiophene) (P3MT), poly(N-methylpyrrole), polytetra-
fluoroethylene (PTFE), poly(methyl methacrylates) (PMMA) [258], poly(vinylidene fluoride) (PVDF),
divinyltriphenylamine (DVTPA) [256], polyvinyl alcohol (PVA), polyethylene oxide (PEO)], nylon, car-
bon, composites, silica and biological molecules (protein, DNA). A range of nanostructure have been
fabricated including: nanofibers [259], nanowires [260], nanopillars [261–263], nanorods [115], nano-
tubes [264,265], nanochannels [266], nanocones [77], nanorings, nanobelts and nanodots
[251,267,268]. Different approaches have been applied towards the synthesis of those nanostructures
including chemical, electroless and electrochemical deposition, sol–gel techniques, solution casting,
chemical polymerization, thermal evaporation, chemical vapor deposition and others as discussed
in earlier sections (Fig. 32). The templating methods based on AAO substrate have been the subjects
of several excellent reviews, which the interested reader is referred to [67,191,192,247,269–271].
Fig. 32. Template synthesis using AAO membranes. (a) SEM image of corrugated gold nanotubes prepared by electrodeposition
of gold on AAO template, inset: larger magnification. Adapted with permission from Ref. [250]. (b) Top-view SEM image of Cu
nanotubes after AAO removal. Adapted with permission from Ref. [245]. (c) Top-view of Fe–Pd nanotube array obtained after
removing the AAO template. Adapted with permission from Ref. [254]. (d) SEM image of composite Si-in C nanotube after
dissolving the AAO template. Adapted with permission from Ref. [353]. (e) TEM image of PMMA nanorods with void spaces after
template dissolution. Adapted with permission from Ref. [258]. (f) SEM of ZnO nanotube membrane showing the perfect
alignment of the nanotubes. Adapted with permission from Ref. [257]. (g) cross-sectional SEM view of thermally cured
divinyltriphenylamine nanorod arrays after removal of the AAO template. Adapted with permission from Ref. [256].
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6.2. Sensing applications

6.2.1. Optical chemo- and biosensors
The main advantages of using nanoporous AAO as a platform for biosensors are their chemical

inertness and the large surface area [243]. Furthermore, moderate transparency of AAO membranes
in the UV and IR regions has allowed direct detection by of absorbances in transmission mode. Absor-
bance [97], reflection [272–275], fluorescence [99], chemi-luminescence [276], surface plasmon reso-
nance [272] and Raman scattering [277] have been used as transducing mechanisms (Table 1). Various
biomolecules including proteins (e.g. hemoglobin, myoglobin, cytochrome), enzymes (e.g. cholesterol
oxidase, peroxidase), antibodies, DNA and whole cells have been chosen to develop optical biosensors
on nanoporous AAO.

Vlassiouk et al. [97] covalently attached 50-amino terminated DNA oligonucleotides inside nanop-
ores via glutaraldehyde crosslinking on AAO amino-functional surfaces. Hybridization efficiencies of
up to 70% of complementary 21-mer oligonucleotides were determined from UV spectroscopy. Repro-
ducibility studies showed that the sensor platform could be re-used several times and that the com-
plementary DNA could be washed off either by heating or denaturing solutions without affecting the
surface-immobilized DNA probes. It is generally acknowledged that the performance of biosensors can
be improved by increasing the available surface area of a substrate designed to bind to a biomolecular
analyte. For example, Takmakov et al. [99] prepared thin AAO films on flat glass surfaces and bound
biotin to the AAO pores via aminosilane-succinimide chemistry. The binding of tagged streptavidin
molecules was then monitored using fluorescence microscopy and fluorescence intensity was re-
ported to be as much as seven times increased in comparison to the flat glass surface. The high biotin
coverage of up to 2 � 1014 molecules/cm2 (geometric surface area) was maintained for more than a
week in PBS buffer or DI water.

In another important approach, the surface of nanoporous AAO was decorated with FITC-modified
polypyrrole for generating a highly sensitive and selective fluorescence ratiometric sensor for 2,3,30-
trichlorobiphenyl (PCBs). This newly developed sensor showed effective sensing to PCBs with a lower
detection limit of 1 ppb and highly selectivity demonstrating a new route for developing simple, low
cost, reliable and reproducible PCB trace detection [278]. Alternatively, in more simple approach
developed by Wang et al., phenyl isothiocyanate was directly immobilized onto AAO membrane
achieving a fluorescent membrane for rapid detection of trace PCB with a lower detection limit of
1 lg/L [279].

Oliveira et al. [164] immobilized trypsin or peroxidase under retention of their catalytic activity on
PEI or PANI functionalized AAO matrices. They reported that AAO–PEI–trypsin covalently coupled to
the surface showed almost three times higher activity as compared to those samples where enzymes
were attached by adsorption on a membrane without PEI functionalities. In addition, AAO–PANI–HRP
could retain 74% of its initial activity after five batch cycles of substrate turnover.

Photoluminescence (PL) biosensors have also been implemented on AAO substrates. Jia et al. dem-
onstrated that PL intensity of the embedded dye (morin) inside AAO nanopores can be greatly en-
hanced by the introduction of proteins such as trypsin or human serum albumen [280,281]. Feng
et al. [276] introduced graded-band-gap quantum dot modified AAO that could enhance the detection
of DNA hybridization. AAO surfaces were first covered with positively charged 3-aminopropyl dime-
thylethoxysilane followed by assembly of three layers of negatively and positively charged dendri-
mers via LbL. Afterwards, positively charged dendrimers and negatively charged QDs were
alternatingly deposited. Finally, probe DNA was immobilized via carbodiimide chemistry. Changes
of PL emission spectra were induced by hybridization of Cy5-labeled complementary 15-mer DNA
due to fluorescence resonance energy transfer between the QDs and Cy5.

In another approach, spots of ordered AAO were fabricated via photolithography for DNA-micro-
array studies. Each spots on the microarray was functionalized with hydrophilic poly-L-lysine (PLL)
while the surface covered with photoresist surrounding the AAO spots was hydrophobic. The PLL-
coated microarray spots bound high amounts of Cy3 labeled cDNA whilst the surrounding surface
did not adsorb the DNA [64]. Tanvir et al. [102] used two different methods to immobilize glucose-
6-phosphate dehydrogenase (G6PD) or human cytochrome from liver (CYP2E1) using silane-glutaral-
dehyde functionalized and sulfhydryl-reactive AAO membranes, respectively, under retention of the



Fig. 33. Sandwich-type binding assay for thrombin using aptamer-functionalized Au-capped AAO pores. (a) Schematic of
experimental setup and construction of LSPR and interferometry based label-free optical biosensor with AAO chip. (b)
Interferometric and LSPR characteristics of bare AAO layer chip (solid line), 10 lM aptamer I immobilized on Au-capped AAO
surface (dashed line), binding reaction between 10 lM aptamer I and 1 lM thrombin on the chip surface (dotted line), and
binding reaction between the aptamer I–thrombin complex and aptamer II (dashed double dotted line). (c) Interferometric and
LSPR characteristics of bare AAO layer chip (solid line), 10 lM aptamer I immobilized on chip surface (dashed line), and binding
reaction between 10 lM aptamer I and 10 lM aptamer II (dashed double dotted line). Adapted with permission from Refs.
[272,285].
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enzymes’ activity. These two individually modified membranes were stacked together in a microflu-
idic device. The product of substrate transformation by G6PD became the cofactor for CYP2E1 in the
CYP2E1-functionalized membrane, activating that enzyme.

Optical interference-based biosensing using nanoporous AAO has been demonstrated by several
groups [273–275]. White light reflection from AAO films on Al substrates produces interferences,
which are characteristic of the thickness and refractive index of the AAO films. Pan and Rothberg
[274] created thin films of AAO membranes with a thickness of approximately 6 lm which were func-
tionalized with biotin and streptavidin. Then, biotin-modified single stranded DNA was applied to the
sample and red shifts of reflectance spectra were observed when complementary DNA was hybridized
to the surface. Sailor’s group [273] described an AAO based interferometric immunosensor that spe-
cifically bound immunoglobulin G (IgG) antibodies on protein A adsorbed to the AAO pores. More re-
cently, we improved sensitivity of this type of biosensor by depositing a thin Pt layer on AAO which
produced high fidelity interferometric reflectance spectra in both air and water [275]. As for a proof of
concept, biosensing of two distinct immunoglobulin antibodies was demonstrated. The influence of
pore dimensions on interference properties of AAO was evaluated by Kumeria et al. showing optimal
pore diameters and length to achieve highest sensitivity on interference signal [282]. Reflective inter-
ferometric gas sensing for detection of hydrogen sulfide was demonstrated using AAO nanopores
coated with gold films [283]. In addition to molecular detection, the interference spectroscopy using
AAO as platform was further used by Kumeria et al. to develop biosensing microchip for capturing and
detecting circulating tumor cells [284].

In another approach, Kim et al. [285] deposited an Au layer on top of AAO nanopores to produce
localized surface plasmon resonance (LSPR) effects. Immobilization of thiolated probe DNA and
hybridization of complementary target DNA were then detected by means of LSPR and interferometric
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measurements. This biosensor afforded detection of hybridization of target DNA and aptamer–protein
interactions down to 10 pM and 1 nM, respectively (Fig. 33) [272,285].

In a view of benefits and limitation of porous AAO substrate as biosensor for protein adsorption,
Lazzara et al. studied the adsorption–desorption kinetics of proteins in porous AAO in comparison
to flat surface. By means of time-resolved optical waveguide spectroscopy, they concluded that the
adsorption of protein is mainly governed by the rate of protein entrance into the pores whilst the
desorption from the pores strongly depends on the rate constant of adsorption (kad) since the resident
time of the proteins is governed by the rebinding probability [286].

AAO-based chemosensors respond to the presence of a specific analyte in a variety of ways. For
example, Ko et al. used SERS of AAO membranes decorated with Au nanoparticles as a tool for la-
bel-free detection of explosives [287]. In their work, the surface of AAO membranes was modified with
polyethlenimine (PEI) to prevent pore blocking and attachment of Au nanoparticles on the outer sur-
face of the membranes. The array of nanoparticle-decorated pores showed about five orders greater
enhancement of molecule detection than a conventional planar nanoparticle array. Detection of 2,4-
dinitrotoluene was reported down to 0.1–0.05 ppt and total amount of the detected material on the
substrate was 5–10 zg [287]. The concept had been further extended to decorate AAO with mixed
nanoclusters composed of Au nanorods and other nanoparticles (Fig. 34). Using this approach, perox-
ide-based liquid explosives such as hexamethylene triperoxide diamine (HMTD) were detected below
2 pg, which is about three orders of magnitude lower than the current detection limit [288]. Instead of
Au nanoparticles, Ji et al. employed Ag nanoparticle as SERS-active material to fabricate 3D ordered Ag
nanostructures on the inner walls of the pores in AAO using 4-mercaptopyridine as probe molecule.
The fabricated substrate showed excellent SERS enhancement which was attributed to the optical
waveguide effect of vertical alumina-pore arrays [289].

Wada et al. used surface-assisted laser desorption/ionization (SALDI) to detect biomolecules on
AAO surfaces [290]. Since surface electroconductivity is one of the requirements for this technique,
the AAO surfaces were coated with Au or Pt while the underlying AAO surfaces functioned as a ther-
mal insulator. This approach allowed ionization of small proteins such as trypsinogen at low femto-
moles concentrations.

6.2.2. Electrochemical biosensors
Biomolecules such as enzymes can be covalently or non-convalently immobilized onto electrode

surfaces including metal-coated AAO membranes to build electrochemical biosensors. Glucose oxidase
Fig. 34. (a) Schematic diagram showing fabrication of AAO substrate with gold nanoparticles and nanorods. (b) Schematic
representative of Raman spectroscopy measurement of hexamethylene triperoxide (HMTD) on AAO substrate with mixed gold
nanorods and gold nanoparticles. Adapted with permission from reference [289]. (c) Cross-sectional and (d) angle-view SEM
images of AAO membranes decorated with Au nanoparticles. The inset in (c) shows the energy-dispersive X-ray spectrum,
which indicates the presence of Au inside the pore walls. (e) Comparison of Raman spectra (SERS) of HMTD measured on AAO
substrates with mixed gold nanorods and gold nanoparticles, gold nanorods, gold nanoparticles, and AAO without HMTD. (Black
line corresponds to reference spectrum.) Substrates for different concentrations and characteristic signature peaks are labeled
in different colors. Adapted with permission from Ref. [287,288].
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(GOx) and horseradish peroxidise (HRP) enzymes are the predominant model systems selected to con-
vert a redox reaction into an electrical signal using an electrode transducer [245,291]. This is due to
specific binding and catalytic activities of both enzymes. Additionally, enzymes such as urease
[100], cholesterol oxidase [292] and choline oxidase (ChOx) [293] have been used in AAO based bio-
sensors. Other biorecognition elements such as antibodies [257], nucleic acids [87,258], cells and mi-
cro-organisms [259] have also been successfully immobilized on metal-coated AAO membranes to
monitor binding events in bioelectrochemical reactions.

To improve the analytical performance of glucose biosensors by electrocatalytic reduction of enzy-
matically liberated H2O2, Xian et al. [294] fabricated nanoelectrode arrays of Prussian Blue (PB) via
electrochemical deposition inside AAO pores. Prior to PB deposition, a thin layer of Au was deposited
by vacuum evaporation onto one side of the AAO membrane. GOx was then successfully crosslinked
on PB arrays. The PB acted as a mediator and the resulting nanoelectrode arrays showed linear current
vs. concentration curves over three orders of magnitude of glucose concentrations with a lower detec-
tion limit of 1.0 lM. A common problem of enzyme biosensors is loss of enzyme activity due to the
leaching of adsorbed enzyme. To overcome this problem, coating layers have been used as stabilizing
agents. For example, Drader et al. [295] improved sensitivity and enzymatic stability of an AAO-based
GOx biosensor using a protective chitosan layer. The biosensor showed linear response over a wide
concentration range up to 20 mM of glucose. Increasing pore diameter from 30 to 200 nm and reduc-
ing thickness from 150 lm to 60 lm improved the response time.

In turn, Ansari et al. [245] focused on the detection of glucose using nanostructured SnO2 films on
AAO surfaces. A thin layer film of SnO2 on AAO surfaces was deposited via PECVD. GOx was immobi-
lized on the SnO2 modified surface via physisorption and glucose detection was achieved from 10 to
360 mg/dL. Shimomura et al. [293] developed an amperometric biosensor for the detection of H2O2,
which is the co-product of choline oxidation. In this work, hybrid silica nanochannels confined inside
AAO channels were prepared by sol–gel chemistry. ChOx was conjugated to the silica-coated AAO
nanopores for 48 h at 4 �C. This sensor had a detection range of 5.0–800 lM with a response time
of 2 min. It maintained 85% of the initial response for up to 80 d of storage. González et al. [296] cova-
lently immobilized anti-HRP on AAO surfaces via carbodiimide chemistry which had been previously
modified by APTES and reacted with succinic anhydride. The label-free biosensor was able to detect
HRP at concentrations down to 10 nM. Immobilization of cytochrome P450 side chain cleavage
(P450scc) enzymes for detection of LDL-cholesterol on AAO membrane by CV was demonstrated by
Stura et al. with a sensitivity of 1.1 mg/mL [292]. The sensor could be used for up to 30 d at 4 �C. Mag-
hsoodi et al. [297] fabricated an amperometric glucose biosensor based on an enzyme electrode on
CNT grown inside AAO membrane using catalytic CVD of methane using Fe/MgO as catalyst. GOx
immobilized on the CNT layer showed a linear amperometric response to glucose concentration with-
out a mediator with a detection limit and sensitivity of 0.1 lM and 635 lA mM�1 cm�2, respectively.

Electrochemical impedance spectroscopy (EIS) is an ultrasensitive technique to monitor changes in
electrical properties occurring from biorecognition events at the surface of modified electrodes. AAO-
bilayer membrane biosensors have been prepared by Steinem et al. for EIS of ion channel activity.
Their approach is based on distinct surface chemistries on the top and bottom parts of the membrane,
preventing the fusion of unilamellar vesicles within the pores and facilitating fusion on the top surface
of the AAO to form pore-suspended bilayers. A significant increase in resistance up to Rm = 8 � 107 X
was observed, indicating insulating bilayer formation. This value was sufficient to monitor ion channel
activity of membrane protein F (OmpF) from Escherichia coli [126].

Takmakov et al. [298] immobilized single-stranded DNA recognition elements on APTES-glutaral-
dehyde functionalized AAO surfaces. Immobilization of DNA inside AAO pores led to a significant de-
crease in resistance measured by EIS as compared to unmodified surfaces Wang et al. [299] detected
DNA hybridization using a dynamic polymerase-extending (PE) method by means of combined CV and
EIS on AAO membranes (Fig. 35). The sensitivity of this technique was reported to be 0.5 nM for
detecting complementary target DNA.

In the tethered lipid membrane based biosensor developed by Largueze et al. [107] the deposited
gold layer on the bottom part of an AAO membrane served as electrode layer. Ubiquinone, a redox
lipophilic mediator embedded within the acyl chains of the lipid bilayer membrane, was used to



Fig. 35. (a) Schematic of an electrochemical DNA biosensor system and the mechanism of the dynamic polymerase-extending
hybridization method (WE: working electrode; RE: reference electrode; CE: counter electrode). (b) CV in the region for
[Fe(CN)6]3�/4�oxidation/reduction for the target DNA hybridization with different methods. (c) Impedance Bode plots after
different reactions steps. Adapted with permission from Ref. [299].
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determine diffusion coefficient, changes and stability of the bilayer membrane using cyclic voltamme-
try (CV) experiments.

The specificity and sensitivity of antigen recognition by antibodies has also been harnessed for
electrochemical biosensors. For example, Yu et al. [300] fabricated a microchip using patterned AAO
membrane for E. coli detection. The chip featured PEG microwell arrays prepared by a photolithogra-
phy approach and featuring hydrophobic and hydrophilic regions. Anti-E. coli antibody was added and
attached following the pattern of hydrophobic regions in the microwells and the target bacteria were
selectively captured inside the wells. Binding events were monitored via EIS where low resistance was
observed when AAO nanopores were covered by the bound bacteria. The sensitivity of this microchip
was reported to be 102 CFU/mL as compared to conventional microelectrode arrays featuring detec-
tion limits of between 104 and 107 CFU/mL. Toh et al. developed an AAO-based electrochemical immu-
nosensor where immunoglobulin G (IgG) was first immobilized on a AAO membrane via physisorption
followed by blocking of free surface sites with BSA. A layer of Al (�400 nm) was sputtered onto a Pt
wire electrode tip and anodized to alumina using a pipette anodization method. The biosensor oper-
ated via monitoring the electrode’s Faradaic current response toward ferrocenemethanol, which is ex-
tremely sensitive to the formation of immunocomplexes within the pores of AAO membrane and was
implemented for detection of a range of antigens [163,301,302].

An alternative to the enzyme-based biosensor are gold nanotube array in AAO membranes which
show enzyme-free operation [303,304]. Zhou et al. synthesized such nanotube arrays inside an AAO
membrane via electroless deposition which significantly enhanced the membrane’s surface roughness.
The resulting nanoscale roughness increased the catalytic activity towards the electro-oxidation of
glucose and showed linear relationship to glucose concentration with detection limit of 10 lM
[303]. In a recent example, a rapid nanochannel/gold nanoparticle based sandwich-immunoassay
capable of filtering and subsequent detection of immunoglobulin in whole blood was reported
[305]. In this work, dual electrostatics/steric blockage in the pores due to specific binding of thrombin
and further signal amplification using a redox indicator ([Fe(CN)6]4�/3�) was tuned by primary and
secondary immunoreactions with proteins labeled with gold nanoparticles. Nanopore blockage by
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gold nanoparticles was enhanced by silver deposition further decreasing the diffusion of the signalling
indicator through the nanochannel. Using this approach, detection of thrombin down to the picomolar
level was achieved [305].

Yang et al. [100] reported a novel ebiosensor for urea based on a piezoelectric transducer. Urease
was immobilized within AAO nanopores via physisorption, cross-linking with glutaraldehyde or cross-
linking followed by chitosan coating. The sensor detected urea with high selectivity, wider linear
range (0.5 lM to 3 mM), shorter response time (30 s), lower detection limit (0.2 lM) than those pre-
viously reported. The authors also reported that enzyme immobilized onto large pore diameters re-
sulted in higher activity but poorer stability compared to smaller pore diameter [306].

6.3. AAO membranes for molecular separation

Molecular transport mediated by pore structures within the range of 1–100 nm diameter can be
exploited for membrane-based molecular separation [307]. There are numerous ways in which nano-
scale features can interact differentially with molecules on the basis of their size, shape, and charge.
Nanoporous membranes are therefore promising platforms for fast and efficient separation. The key
criteria for selective molecular transport are controllable pore diameters, narrow pore distribution,
high porosity and controllable surface chemistry, all of which are fulfilled in AAO membranes. Indeed,
AAO membranes have been applied for numerous applications including molecular separation, trans-
port and catalysis. Separation tasks including separation of multivalent ions, proteins and DNA
(including the combination with DNA amplification and sequencing) will be discussed below.

6.3.1. Molecular and ion separation
Many techniques have been devised to control the pore size and surface charge of AAO membranes

in an effort to manipulate transport properties and selectivity based on the size, charge and hydropho-
bicity of molecules [308]. As we described in Section 4, numerous wet chemical synthesis and gas-
phase techniques have been applied to controllably reduce the size of AAO pores. Au-plating intro-
duced by the Martin group has been particularly well explored to precisely tune the pore diameter
down to several nm [84,204,309,310]. In addition, SAMs of alkanethiols have been formed on the
Au-plated surface to introduce chemical selectivity.

In the past years, an understanding of ion transport through AAO membranes and the dependence
on parameters such as pore diameter, surface chemistry, solution pH, ionic strength and concentration
has been developed [95,137,140,142,311–316]. For example, the Jarvinen group showed that increas-
ing the pH from 5 to 8 could reduce the membrane surface charge of unmodified AAO membranes thus
improved the selectivity of divalent and trivalent cation transport.

By increasing the pore diameter from 20 to 100 nm, the diffusion coefficients for divalent cations
increased threefold [311]. Further work focused on the development of selective gate membranes with
narrow pore openings down to 7 nm by depositing an Au layer on AAO surfaces [312]. The Au-coated
layer was further functionalized with alkanethiols to afford a hydrophobic surface for trialkyl phos-
phine oxide-based metal ion carriers. When uranyl nitrate and lithium nitrate were used as feed solu-
tion and sodium acetate as receiving solution, 100% of the metal ion was transported across the
membrane by facilitated transport via the phosphate or phosphine oxide carrier. High selectivity of
uranium over europium ions was achieved when both metals were present in the feed solution, since
the former ion selectively bound to the phosphine oxide carrier. At the same time, the membrane
blocked transport of other ions such as Hþ; Ca2þ; NO�3 and CH3COO� [312]. The same group studied
the effect of an alkanethiol-functionalized Au-coated membrane on other compounds such as trichlo-
rophenol (TCP) giving five times faster flux than the unmodified membrane. The long chain of alkane-
thiol provided a hydrophobic barrier, sealing the pores towards transport of ions in the absence of a
carrier [313].

Similarly, Smuleac et al. successfully captured Hg2+ ions with high binding capacity using polythiol-
functionalized AAO membrane with 200 nm pore diameter. The functionalized AAO surface was pre-
pared by silanization of the membrane with 3-glycidoxypropyl trimethoxysilane. Subsequent attach-
ment of poly-L-glutamic acid (PLGA) and reacting the carboxylic acid groups with the amino group of
cystine, cysteine or polycysteine afforded the polythiol-functionalized surface [95].
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Steinle et al. [94] functionalized the inner surface of AAO membrane with ODS to render it hydro-
phobic. As a consequence, the amount of ions transport through the membrane dramatically de-
creased. Interestingly, the pore of this membrane could be re-opened again towards ion transport
by adding a surfactant molecule. This ‘on/off’ design mimicked the function of an ion channel mem-
brane. Similar on/off characteristics were obtained as a function of pH using carboxy-functional si-
lanes. Odom et al. used a homologous series of molecules (phenol, p-cresol, 2,4-dimethylphenol and
2,4,6-trimethylphenol) and observed that the transport rate across the ODS-modified membrane cor-
related with the hydrophobicity of the permeant molecule [89]. Ku et al. investigated the fundamental
characteristics of electrical conductivity across the C18-modified membranes [90]. Although the mem-
brane was rendered hydrophobic and excluded water from the nanopores, electrical currents through
the membrane could still be detected through ‘‘hydrophilically defective’’ pores, as determined by
means of EIS and 29Si NMR. Velleman et al. used ALD to precisely control the pore opening of silica-
coated AAO membrane, which was then functionalized with hydrophobic perfluorodecyldimethyl-
chlorosilane (PFDS) to render the surface hydrophobic. Separation studies with two selected molecular
dyes showed that the PFDS-functionalized AAO membrane showed high selectivity and sensitivity to-
wards hydrophobic dyes over hydrophilic dyes [87].

In supported liquid membranes (SLMs) based on AAO membrane, the outer surface of AAO is ren-
dered hydrophobic to improve selectivity and flux rates for effective molecular separation [313,317].
For instance, a thiol modified Au-coated AAO membrane sealed with dodecane was employed. The flux
rate of TCP through these membranes was five times faster than control experiments through unmod-
ified membranes and showed excellent selectivity [313]. The influence of interfacial properties of the
top pore surface on molecular transport through nanopores is also highlighted in recent work by Vell-
eman et al. [207].

In comparison to the Au-coated surface, Yang et al. developed SLM based on a perfluoroalkanoic
acid modified AAO membrane. The fabricated SLM showed excellent selectivity and high flux (10�7 -
cm2 s�1) for transporting organic compounds with a fluorine tag. Interestingly, the permeability of sol-
utes decreased by increasing the pore diameter from 20 to 100 nm, a trend that is in contrast to most
transport studies where molecular transport scales with pore diameter [317]. Silica-surfactant nano-
channels inside AAO nanopores have been used by several groups for separation and catalytic studies
[170]. For example, Yamaguchi et al. showed excellent extraction capability towards charged organic
molecules, which could be controlled by varying the hydrophobicity of the surfactant tail
[30,43,44,169,170,180,186,318–324]. The nature of the extraction mechanism depended on the charge
of the solute (Fig. 36) [318]. Shi et al. found that lysine attachment to glutaraldehyde-activated AAO-
silica composite membranes gave an increase in the adsorption capacity (from 1.22 mg/g to 17.57 mg/
g) of bilirubin from a bilirubin–albumin solution when the temperature was raised from 25 �C to 37 �C
[187]. In contrast, decreasing adsorption of bilirubin was observed with increasing ionic strength and
increasing albumin concentration. Yamaguchi et al. [315] reported diffusion of metal complexes
ðFeðCNÞ3�6 ; RuðNH3Þ3�6 , ferrocenecarboxylic acid (Fc–COO�), (ferrocenylmethyl)-trimethylammonium
(Fc–NMe3+), N,N-(dimethylamminomethyl)-ferrocene (FcNMe2), ferrocenemethanol (Fc-OH) inside
silica-surfactant nanochannels with diameter of 3.4 nm formed inside AAO nanopores. The diffusion
coefficients of FeðCNÞ3�6 and RuðNH3Þ3�6 through this nanopore were on the order of 10�11 cm2 s�1, five
orders magnitude smaller than those in a bulk aqueous solution. Charged ferrocene (Fc–COO�, Fc–
NMe3+) derivatives showed smaller diffusion coefficients compared to their neutral counterparts
(FcNMe2), presumably due to the influence of charge-charge interactions with the pore wall.

In another channel-forming approach, the non-covalent attachment of macrocyclic receptors (hex-
ylureidobenzo-15-crown-5 or hexylureidobenzo-18-crown-6) in AAO membranes produced struc-
tures resembling ion channels that facilitate transport of Na+ or K+ ions under potential gradient
(Fig. 37) [186]. The silica coating can also significantly increase the magnitude of the zeta potential
of the AAO surfaces and improve the electroosmotic effect. Saumitra et al. used silica-coated AAO
membranes with smaller pore size range from 30 to 100 nm to study electroosmotic flow rate at a
low applied voltage of 3 V using 2.5 mM buffer [188].

LbL deposition of PEMs on AAO membrane is another approach to prepare ion-selective mem-
branes [47,140–142,144,322]. Pioneering work by Bruening and co-workers used Cu2+-complexed
PAA to control the charge density within PAA/PAH films to enhance anion selectivity. Alternating



Fig. 36. Schematic illustration of an silica–surfactant–AAO nanochannel and the extraction mechanisms for (a) cationic
rhodamine 6G (R6G) and (b) sulforhodamine B (SRB). Adapted with permission from Ref. [318].

A.M. Md Jani et al. / Progress in Materials Science 58 (2013) 636–704 677
deposition of PAA partially complexed with Cu2+ and PAH followed by removal of Cu2+ and deproto-
nation resulted in fixed –COO� sites on the film. Those membranes showed a fourfold increase in
selectivity for Cl� over SO2�

4 as compared to membranes with PAA/PAH coating without copper. In
addition, changing the outer membrane coating from negatively charged PAA to positively charged
PAH decreased the selectivity of the membrane towards Cl� over SO2�

4 tenfold [137]. Hong et al.
[141] compared the performance of PSS/PDADMACandPSS/PAH films on AAO membranes in the sep-
aration of monovalent anions. They reported that the (PSS/PDADMAC)4 PSS membrane exhibited a
much higher selectivity of Cl� or Br� over F� ions compared to the PSS/PAH coating.

Furthermore, the flux through (PSS/PDADMAC)4PSS films was threefold higher than the typical flux
in commercial nanofiltration membranes which exhibit minimal selectivity. Ouyang et al. successfully
used PEMs consisting of PSS/PAH or hybrid composite of PSS/PDADMAC-PSS/PAH to remove Mg2+

from solutions of NaCl and MgCl2, achieving 95% rejection of MgCl2. They also showed that pH, ionic
strength and charge of the PEMs significantly influenced monovalent/divalent cation selectivity [142].
In contrast, the selectivity of PSS/PDADMAC membranes towards phosphate ions varied with the num-
ber of deposited layers. For example, when the number of PSS/PDADMAC bilayers was increased from
4.5 to 5.5, phosphate rejection decreased from 86% to 75% and chloride/phosphate selectivity dropped
to 4.1 [141].

Vapor polymer deposition method was used to convert an inert AAO membrane to polyrhodamine-
modified AAO membranes for removal of heavy metal ions from aqueous solution. After impregnating
the AAO membrane with ferric chloride as an oxidant, rhodanine monomer was introduced during the
vapor deposition polymerization method. The AAO-polyrhodanine membrane showed a removal
capacity for Hg (II) of up to 4.2 mmol/g polymer [325].
6.3.2. Separation of amino acids and proteins
The application of AAO membranes for the separation of amino acids and proteins is described in

several reports [93,110,111,139,143,162,187,213,214,326,327]. Bruening et al. demonstrated the sep-
aration of a mixture of glycine, L-alanine, L-serine, L-glutamine and L-lysine in a (PSS/PAH)7PEM-mod-
ified alumina membrane [139]. For protein separation, this group employed a different concept based
on the grafting of PHEMA polymer brushes from AAO membranes using ATRP [110,111]. This process
yielded a remarkable binding capacity of 0.9 mg of BSA/cm2 of external membrane surface (150 mg/
cm3 of membrane). AAO membranes modified with polymer brushes such as PHEMA have also been



Fig. 37. Schematic representation of the synthetic route to obtain functionalized silica mesoporous AAO filled with
mesostructured silica (arrow A), then calcinated (arrow B), reacted with ODS (arrow C), and finally filled with the hydrophobic
carriers 1 or 2 (arrow D). Adapted with permission from Ref. [186].
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used for protein purification. Polymer brushes derivatized with nitrilotriacetate–Ni2+ complexes al-
lowed the purification of polyhistidine-tagged ubiquitin (HisU) in less than 30 min with a binding
capacity of 120 mg of HisU/cm3. Adsorption isotherms showed that saturation of the brushes occured
at a HisU concentration as low as 0.04 mg/mL and that these brushes could bind up to 23 monolayers
of HisU [111].

AAO nanopores on a silicon substrate have been used for the separation of BSA and bovine hemo-
globin (BHb), exploiting the electrostatic sieving effect with high throughput (>10�8 M cm�2 s�1) and
high selectivity (>42) [327]. Recently, Sun et al. employed ATRP to grow PAA polymer brushes in AAO
membrane for the high-capacity affinity-based separation of proteins [110]. In a simpler approach,
Chang et al. investigated adsorption and desorption of BSA on octanoic and octadecanoic acid func-
tionalized AAO membranes in batch and flow processes by means of liquid chromatography [120].
BSA adsorption capacities of octanoic and octadecanoic acid-modified membrane were 0.003 and
0.004 lmol/cm2, respectively. Interestingly, the adsorption performance was retained over three cy-
cles of adsorption–desorption.

Shi et al. [162] used chitosan-functionalized AAO membranes in the presence of a chelating agent
(Cu2+) to increase membrane active sites. This metal-chelated affinity membrane was used to separate
hemoglobin (Hb) from hemoglobin phosphate and hemolysate. The adsorption and affinity capacity of
membrane produced by this approach towards Hb was 17.5 mg/g and 91.2%, respectively. In contrast,
silica nanocomposites formed inside AAO nanopore with a pore diameter of 3.4 nm showed good size



Fig. 38. Time-dependent transport of molecules through the AAO membrane. The amount of moles of four different molecules
transported through the AAO membrane without (a) and with (b) the silica–surfactant nanocomposite. Adapted with
permission from Ref. [170].
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exclusion properties and facilitated the transport of rhodamine B (1.0 nm) and vitamin B12 (2.4 nm)
while preventing the transport of larger molecules such as myoglobin (4.0 nm) and BSA (7.0 nm)
(Fig. 38) [170]. Likewise, separation of enantiomers of peptide drugs through antibody-functionalized
silica nanochannels inside an AAO membrane was achieved [180]. An AAO membrane modified with
PEO has been generated that excludes antibodies but permits access of insulin and glucose and there-
fore potentially enable encapsulation of pancreatic islet cells for treatment of type I diabetes [328].

Applying an external voltage to the functionalized AAO membrane constitutes an alternative meth-
od to improve selectivity of AAO membranes for protein separations. Cheow et al. [213,214] investi-
gated the effect of varying electrical potential on Pt-coated AAO membranes for separation of BSA,
lysozyme (Lys) and myoglobin (Mb). By varying applied potentials across the membrane, Lys was
transported 10–16 times faster than BSA and Mb was transported 4–5 times faster than BSA.

Recently, the electrostatic sieving effect of a thin AAO membrane on protein separation (BSA and
BHb) has been investigated. High throughput (>10�8 M cm�2 s�1) and high selectivity (>42) of both
proteins has been achieved [327]. In another approach, a protein trapping device was developed based
on an AAO hybrid structure of nanochannels and ion channels. The presence of ion channels in the bar-
rier layer of AAO bottom was confirmed by electrokinetic experiments. By applying a transmembrane
potential, electrophoresis of negatively charged protein was induced to the nanochannels and the pro-
tein was unable migrate across the barrier layer due to size exclusion effect. The concept was extended
by incorporating the AAO hybrid structure into a microfluidic system. As a result, a rapid and efficient
trapping of protein at a high concentration factor (104–105) in AAO nanochannels was realized within
30 s [329]. These two examples revealed the suitability of AAO membranes for size-based sorting.

6.3.3. DNA separation
Separation of DNA has numerous applications in biotechnology and medicine. For example, the

ability to separate and quantify DNA lengths and its types is vital to the early detection of diseases.
However, the separation of DNA is a difficult analytical task, which requires sophisticated, expensive
and robust devices [330]. An important issue is the clogging of separation devices with DNA mole-
cules, limiting the device performance [331]. Therefore, low cost and mechanically robust nano-
pore-based transporters with well-defined surface-charge properties offer significant opportunities
in this field. Sano et al. developed a size exclusion separation method that used AAO membranes in



Fig. 39. (a) Schematic illustration of an AAO based microfluidic channel (chip). The chip has four reservoirs: A, B, C, and D. (b)
Magnified view of the separation channel. The radius of each pore was controlled to allow smaller molecules to enter the pores
while stopping larger molecules from entering. (c) SEM micrograph of the nanopores. Adapted with permission from Ref. [332].
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a microfluidic channel as size separation platform for DNA. In this approach, DNA biomolecules with
smaller size were frequently trapped in the pores and hence eluted more slowly than the larger bio-
molecules passing through the channel (Fig. 39) [332]. Vlassiouk et al. [97] reported efficient detection
and affinity separation of single stranded DNA using AAO membranes with covalently immobilized
DNA. After the binding and separation phase, the target DNA was eluted by inducing de-hybridization
at elevated temperature. Higher separation efficiencies of up to 85% were obtained for mixtures of
complementary and non-complementary single stranded DNA. CV and EIS results showed that hybrid-
ization efficiency of DNA was drastically reduced on filters with larger pore diameter (i.e. 200 nm) as
compared to 20 nm due to the increased size mismatch between the pore diameter and the DNA
length [96]. Chang et al. developed anion exchange membranes comprising of AAO coated with ter-
tiary and quaternary ammonium group [333]. Two different strategies (batch adsorption and chroma-
tography) were chosen to partially separate plasmid DNA, RNA and a mixture of DNA and RNA. The
separation efficiency of plasmid DNA for these membranes was recorded as 53% and 65% for batch
and chromatography processes, respectively. The rather poor separation performance could be attrib-
uted to the large pore size (200 nm) used in the study.

The ALD approach was employed to fabricate sub-40 nm pore AAO membranes to separate DNA
from bacteriophage (phi29) virus in a mixture. When a mixture of empty capsids and DNA containing
virus was centrifuged at 3000 rpm, the empty capsids deformed and passed through 40 nm diameter
pores and retained on the bottom surface of the AAO membrane whereas the particles packaged with
DNA were mainly retained at the top surface of the AAO membrane [334].

6.4. Catalysis

AAO membranes with their high surface area per unit volume and chemical inertness are ideal plat-
forms for catalytic applications. Many industrial catalytic processes involve the combination of high
temperature and chemically harsh environments [335]. Using AAO, catalysis can also be combined
with molecular separation. Several studies have focussed on the placement of various catalytic active
components including metal, metal oxide nanoparticles, organic catalysts or enzymes inside of AAO
nanopores [105,144,322]. Bruening et al. [144] prepared catalytic membranes using LbL of PAA/PAH
layer in which gold nanoparticles were sandwiched (Fig. 40). This membrane catalyzed the reduction



Fig. 40. Schematic diagram of AAO membrane used as a catalytic membrane. Adapted with permission from Ref. [144].

A.M. Md Jani et al. / Progress in Materials Science 58 (2013) 636–704 681
of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP). Subsequently, the group fabricated membranes that
selectively catalyzed the reduction of nitro groups in the presence of other reducible compounds i.e.
cyano, chloro and styrenyl moieties [322].

Stair et al. [335] used ALD to precisely control the deposition of V2O5 and diameters of the AAO
scaffold pores. The catalytic membrane was prepared by depositing 10 nm of alumina by ALD into
an AAO with 40 nm pores. Subsequently, a single vanadia monolayer was deposited by wet impregna-
tion using ammonium metavanadate. Oxidative dehydrogenation of cyclohexane and benzene
through a V2O5 coated AAO membrane showed high catalytic activity and selectivity.

Recently, Wang et al. [336] explored an asymmetric reaction where an enzyme and its substrate
were fed to an AAO membrane from opposite sides. Asymmetric biochemical reactions were demon-
strated using the HRP enzyme as a model catalyst. The AAO membrane on 60 lm thickness with a
nominal pore size of 200 nm was integrated into polymeric microfluidic layers to generate microreac-
tor. The reaction rate of the enzyme with its substrate was detected colorimetrically and was con-
trolled by the diffusion of the substrate through the membrane.

Oliveira et al. prepared two different AAO membranes coated with PEI-trypsin and PANI-peroxi-
dase to study their catalytic activities in batch and flow-through mode. The hydrolysis rate of N-a-
benzoyl-DL-arginine-p-nitroanilide to p-nitroaniline was 2.95 and 3.8 nmol release per minute under
batch and flow-through system, respectively. At the same time, in the oxidation of o-phenylenedi-
amine (OPD) to 2,3-diaminophenazine (DAP) by PANI-peroxidase coated AAO, the enzyme maintained
its initial activity up to 98% and 74% in continuous and batch mode, respectively [164].
6.5. Biomedical applications

6.5.1. Biocompatibility, cell growth and tissue engineering
High biocompatibility is a prerequisite for new biomaterials and it is defined as the ability of a

material to perform with an appropriate host response in a specific situation [337]. The main biocom-
patibility studies that have been performed on nanoporous AAO relate to in vitro cell culture studies
and applications as orthopedic implants [92,103,338–345].

The use of nanostructured biomaterials in bone engineering is biologically inspired because bone is
a naturally occurring porous ceramic material composed of nanosize organic and mineral phases that
forms a highly hierarchical macrostructure. Earlier studies using oxide ceramics showed that a porous
surface with pore diameter of �100 lm is optimal for bone in-growth to maintain blood supply to
connective tissue, but recent studies using nanoporous AAO have revealed that much smaller pores
of AAO allow bone in-growth [92,338,339]. Study of osteoblast response on nanoporous AAO mem-
branes with pore diameters of 30 to 80 nm confirmed the growth of extensions of osteoblasts into
the nanopores which produced an active matrix in the form of a fibrous scaffold that contain calcium
and phosphorus, the typical elements of the bone matrix [339]. A similar conclusion was reached by
Popat et al. who reported that AAO membranes showed significantly improved osteoblast adhesion
and proliferation in comparison with amorphous alumina, Al metal and glass [338]. These studies
show the potential of AAO to be used as a biocompatible platform for bone growth and orthopedic im-
plant applications.



Fig. 41. SEM images showing osteoblast morphology after 1 and 2 days in culture on unmodified and arginine–glycine–aspartic
acid–cysteine (RGDC)-immobilized AAO membranes. Adapted with permission from Ref. [103].

Fig. 42. Histological examination of tissue exposed to no material (A) and (D), unmodified AAO capsules (B) and (E), and PEG-
modified AAO capsules (C) and (F) after 1 and 4 weeks. Arrows indicate the portion of the tissue that was exposed to the
capsule. Adapted with permission from Ref. [92].
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Improved osteoblast adhesion and growth on AAO with the same pore diameters (30–80 nm) was
reported by physisorbing vitronectin or covalently immobilizing a cell adhesion mediating peptide
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(RGDC) via amino-silane-maleimide grafting chemistry (Fig. 41) [103]. RGDC-modified AAO showed
favorable osteoblast adhesion after 1 d in culture and cell matrix production was visible after 2 d.
In an in vitro biocompatibility study by Flamme et al. toxic effects of AAO on b-cells were absent,
whilst the viability of cells was reduced by 94% when cell were treated with latex particles [92]. On
the other hand, in vivo implantation of PEG-coated AAO capsules into the intra-peritoneal cavity of
rats showed moderate inflammation after 1 week, indicated by the presence of macrophages and lym-
phocytes in the granulation layer. However, the inflammation response decreased after 4 weeks
(Fig. 42).
Fig. 43. (a) Optical micrograph representing the development of neural hubs on AAO membrane after 24 h seeding and
incubation on the AAO substrate. (b) SEM image of synaptic neurons establishing communication hubs on the AAO membrane.
(c) Fluorescent optical micrograph of differentiating neurons on AAO substrate. The neurons were preloaded with fluo-3
calcium stains to establish their viability. (d) Fluorescence confocal micrograph demonstrating the activation of the specific
groups of ion channels glucose–insulin (PKC-c) receptors at the neurite terminals (circled area), resulting in potassium ion
transients due to the effect of glucose on the neuronal cell membrane. (e) Fluorescence confocal micrograph demonstrating the
activation of the Fc-c I receptors on the neuron cell membrane at the soma (circled area), causing in potassium ion transients
due to the effect of IgG on the neuronal cell membrane. The cells were pre-loaded with green fluorescent protein (GFP) and the
fluorescent transients were visualized during the interaction of the glucose molecules with the cell membrane. Adapted with
permission from Ref. [347].
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Karlsson and Tang [343] prepared a series of AAO membranes coated with serum, collagen I, fibrin-
ogen, IgG and albumin to study in vitro viability of osteoblastic cells (MG63). A clear effect of pore size
on cell viability was also observed on protein-coated AAO membranes. Incubation of cell with colla-
gen-coated membrane gave highest cell numbers on both 20 and 200 nm pore sizes. Cells cultured
on fibrinogen-coated membrane seemed to be more viable on 20 nm pore size as compared to
200 nm pores size. This could be related to the size and shape of fibrinogen. Fibrinogen is less likely
to penetrate the smaller 20 nm pores due to steric reasons thus, leading to accumulation of fibrinogen
on the surface.

Rat-derived neuronal cells were also used to characterize adhesion and biocompatibility on mod-
ified AAO membranes. Wolfrum et al. [346] employed three different coatings on AAO membrane: PLL,
extracellular matrix (ECM) gel and concavalin A (ConA) to promote cell adhesion on AAO membranes.
It was observed that rat neurons showed good adhesion and cell neurite formation on surfaces coated
with ECM gel. Prasad et al. used PLL-coated AAO membranes as a platform to record in situ cellular
electrical activities in response to therapeutic drugs (glucose and IgG) [347]. Micron-sized gold pads
were patterned on PLL-coated AAO membrane and extra cellular signal were recorded when neurons
forming functional synapses responded to specific drug molecules via a variation in the voltage signal
(Fig. 43). The presence of glucose and IgG caused current signals of 160 pA to 5 nA, respectively.

Biofouling of AAO membranes was studied by Popat et al. who showed that biofouling could be
eliminated by surface modification with PEG-silane [345].

Several studies also investigated the biocompatibility of uncoated AAO membranes [341,348–350].
For example, Karlsson et al. used primary human osteoblast-like cells to investigate cellular
Fig. 44. (a) Brightfield and (b) fluorescence micrographs of HeLa cells on a AAO culture substrate with a 3 � 3 array of holes
with diameters of 0.1–0.6 mm beneath. Adapted with permission from Ref. [347]. (c) SEM image of HepG2 cells on self-
supporting AAO membrane (pore diameter 76 ± 10 nm) and (d) magnification of a cell border of (c). Adapted with permission
from Ref. [341,343,348,349].
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interactions on unmodified AAO membranes (Fig. 44). Their results showed normal osteoblastic cell
growth during 2 weeks in culture. This was followed by an increase of alkaline phosphate (ALP) pro-
duction which indicates the osteoblastic phenotype was retained on the AAO membrane [341]. An-
other study by Hoess et al. used two different pore sizes (70 and 260 nm) of the unmodified AAO
membrane and a hepatoma cell line (HepG2). They observed the cells easily adhered on the membrane
surface with 260 nm pore size making membrane protrusions (filopodia) able to penetrate into the
pores of the underlying AAO which is not observed on AAO with smaller pores [343]. Kant et al. inves-
tigated the influence of the various AAO pore structures on the growth of human neuroblastoma with
SK-N-SH cells as the neuronal model cell. This study demonstrated that pore organization could have a
direct influence on the orientation and phenotype of neuronal cells, opening up bio-engineering
possibilities. The most extensive cell response was found on surfaces with mixed pore and brush
structures (Fig. 45a–c). This surface gave the highest cells attachment and frequent neuron-like phe-
notype with cytoplasmic processes and extensive cell–cell interactions [351].

The use of AAO as a biomaterial has been explored in several domains including: the development
of therapeutic devices for bone and dental tissue engineering and coronary stent implants [46,352]. A
major challenge in orthopedic research is to design surfaces that will promote osteogenesis in vitro
and in vivo. A few studies have demonstrated that AAO scaffolds could be used to establish an effective
means for alloplastic substitution of teeth. Effective biological sealing could be achieved through a
screw and blade-vent implants. The later implant technique showed a partial interposition of
Fig. 45. SEM images of single neuroblastoma cells grown on different types of AAO showing influence of pore structures on cell
morhology. (a and b) AAO with nanobrushes show an extensive branching and interconnection of cells. (c and d) Aligned pores
show a linear morphology of neuroblastoma cell directed by aligned pore structures. Adapted with permission from Ref. [351].
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connective tissue whilst the screw implant exemplified a tight attachment of bone over the whole im-
plant surface. One of the major problems for the dental application is to fabricate ceramic implants
with complex shapes while maintaining accurate dimensional control of features from the macro-
to the microscale along with good material properties. For example, clinical failures of AAO-based
dental implants in animals have been observed. This study suggests that the residual of unwanted sur-
face microporosity adjacent to the gingival cuff results in an inflammatory reaction that prevents the
establishment of an effective biological seal between the oral cavity and the alveolus [353].

Bone regeneration in a scaffold in vivo involves formation, penetration and migration of osteoblast
and mesenchymal cells from the surrounding bone tissue, as well as vascularization. Suitable implant
porosity and pore size are expected to enhance osteogenesis and numerous studies have verified this
hypothesis [354,355]. In addition, the surface microtopography can also significantly affect tissue neo-
formation. For example, in vivo implantation of PEG-coated AAO capsules into the intra-peritoneal
cavity of rats showed moderate inflammation [92]. Bose et al. showed that coating of AAO scaffolds
with hydroxyapatite (HAp) helped improve the biological response of the scaffolds in vitro using rat
pituitary tumor cells [356]. Furthermore, highly adherent layers of AAO on the surface of titanium al-
loys show improved proliferative activity in comparison with surfaces without AAO [357].

6.6. Drug delivery

A range of nanoscale materials has been explored in recent years for drug delivery applications to
address the problems associated with conventional drug therapies such as limited drug solubility,
poor biodistribution, lack of selectivity and unfavorable pharmacokinetics [358]. Among them are
nanoporous and nanotube carriers due to their unique features, such as low fabrication cost, control-
lable pore/nanotube structure, tailored surface chemistry and high surface area [359,360]. Implantable
systems for local delivery of therapeutics based on porous platforms fabricated by electrochemical
process including pSi, AAO and TNT have been widely explored [16]. Good mechanical stability, chem-
ical inertness, biocompatibility, controllable pore size and pore volumes, along with tunable surface
chemistry have made AAO to be an excellent platform for loading large amount of drugs and facilitat-
ing their controlled release.

To address the problem of sustained release of poorly soluble drugs from implants, Simovic et al.
demonstrated extended drug release based on applying a thin plasma polymer film on the top of
AAO membrane after drug loading (Fig. 46a) [361]. A plasma polymer layer with different thickness
deposited on AAO allowed the control over pore diameter and hence the rate of drug releases
(Fig. 46b–f). It was possible to achieve favorable zero order release kinetics from AAO implants by con-
trolling deposition of a plasma polymer layer. More recently, this group explored AAO as therapeutic
implants for elution of drug nanocarriers using several polymer micelles as model nanocarriers [362].
The release kinetics of drug-loaded polymeric micelles from AAO was two-phased with a burst release
of 31–55% in the first 6–8 h, followed by a slow release phase over �8–22 d. This release pattern is
especially useful in bone implant therapies that require a large initial dose followed by a prolonged
dose over a few weeks. Additionally, by applying plasma polymer film on the top of AAO, the release
could be extended considerably, the burst release almost suppressed and zero order drug release
kinetics over a period of more than 4 weeks achieved. Peng-Fei et al. demonstrated the effect of tem-
perature on the permeation of vitamin B12 through PNIPAM-grafted AAO membranes [109,158].
Above the LCST, permeation of vitamin B12 was more pronounced than below due to the collapsed
polymer state, increasing the effective pore diameter. The length of PNIPAM chains had a more dra-
matic effect on the switchability than the density of the grafted polymer [109].

The concept of switchable drug release from AAO has been recently demonstrated by Jeon et al.,
designing an electrically responsive AAO membrane based on an electropolymerized PPy/DBS coating
on the outer part of the AAO membrane. The pore size of the PPy/DBS AAO membrane could be revers-
ibly actuated by the electrochemical state and pulsatile release of the model protein drug (FITC-BSA)
demonstrated (Fig. 47). The stimulus could be applied on-demand and the response time was short
(less than a few seconds). A high flux of drugs could be obtained in the open state as a result of high
pore density (16.1–6.4 � 109/cm2) and the short constricting channel (�1.5 lm) length. Considering
these results, drug release of accurate drug dosage control depending on a patient state would be



Fig. 46. (a) Scheme of plasma polymer modification of AAO platform loaded with drug or drug nanocarriers (polymer micelles)
to achieve controlled and extended drug release. (b) SEM images of the top surface of AAO porous layer modified with
allylamine plasma polymer using deposition times of (b) 0 s; (c) 50 s; (d) 200 s and (d) 300 s. Scale bars in insets are 200 nm. (f)
Controlled release of model drug vancomycin from plasma modified AAO during 500 h or drug release. Adapted with
permission from Ref. [361].
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possible which is relevant to emergency therapy of acute angina pectoris and migraine, hormone-re-
lated diseases, and metabolic syndromes [165].

For details on drug delivery systems based on nanoporous membranes, readers are referred to a
recent review [363].
6.6.1. Drug eluting stents
Coronary stent implantation is a successful procedure for the treatment of coronary artery disease.

However, restenosis still remains one of the biggest challenges in interventional cardiology. To over-
come this, the concept of drug-eluting stents with drugs being trapped in polymer films coated onto
the stents had been recently introduced [364]. Although the clinical use of polymer stents has been
approved, their inflammatory reaction is still a serious limitation. An alternative approach is the de-
sign of stents with an AAO layer filled with anti-inflammatory and cytostatic drugs [364,365]. A
Fig. 47. Schematic of electrically-responsive electropolymer-coated AAO membrane showing reversible change of pore size
(and the drug release rate) between oxidation and reduction states. Adapted with permission from Ref. [165].



Fig. 48. (a and b) SEM image of stents coated with AAO (cross-section of AAO layer on the top) with pore size between 5 and
15 nm and pore density 1012 cm�2 allowing drug loading with tacrolimus. (c) In vitro drug release, cumulative tacrolimus
release within the first 144 h; after 72 h, about 75% of the loaded 60 lg tacrolimus has been eluted and about 25% is still trapped
in the AAO coating. (d) In vivo drug release. Time course of tacrolimus concentration in whole blood after stent implantation in
the carotid arteries of rabbits. Adapted with permission from Ref. [364].
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SEM image of a stainless-steel stent with an AAO layer prepared by electrochemical anodization of an
Al film deposited on a stainless-steel stent is shown in Fig. 48 [364]. Wieneke et al. performed in vitro
and in vivo drug release studies of these stents using AAO with different pore diameters loaded with
tacrolimus (an immunosuppressive drug) [364,366]. The impact of AAO pore diameters (5–20 nm) and
depth of the porous layers (1–4 lm) on the drug release behavior was investigated. Animal experi-
ments in rabbits showed that the AAO layer on coronary stents alone as well as in combination with
tacrolimus led to a reduced infiltration of lymphocytes and macrophages in response to stent implan-
tation, thus suggesting this new approach has the potential to overcome existing problems of inflam-
matory response and to translate into clinical application. However, further improvement of
biocompatibility and controlled release capability is required.
6.6.2. Biocapsules for immunoisolation
The concept of encapsulation of therapeutic cells using microfabricated capsules with semi-perme-

able barriers in order to shield cells from the immune system has been pursued as a potential treat-
ment for a number of diseases such as diabetes mellitus, Parkinson’s and Alzheimer’s [367]. Typical
immunoisolation devices consist of polymeric membranes, but there are several issues associated
with the use of these membranes, including poor chemical resistance, inadequate mechanical strength
and broad pore size distributions [368]. In comparison to polymer membranes, AAO membranes offer
many advantages in designing implantable biocapsules including mechanical strength, chemical resis-
tance, adjustable pore size and surface chemistry, and easy incorporation into microfabricated devices.

The use of therapeutic AAO biocapsules with controlled drug release for immunoisolation was
firstly demonstrated by Gong et al. [369]. Fig. 49a shows a capsule consisting of a uniformly porous
layer with pore diameters of 25–55 nm, which was fabricated by electrochemical anodization. To
prove the controlled release capacity of these capsules, the release of model drug molecules such as
fluorescein (400 Da), and conjugates of FITC and dextran of varying molecular weight (4, 20, 70, and
150 kDa) was explored. The study demonstrated that nutrients and small molecular weight proteins



Fig. 49. (a) Photos of completed AAO capsule. (b) Normalized release of glucose (squares, Deff 1.58E�06 cm2/s) and IgG
(diamonds, Deff 4.09E�10 cm2/s) through a AAO membrane with a nominal pore size of 75 nm. C is the concentration at time t,
Co is the loading concentration. Inset: Glucose release on a 210-min time scale. (c) Insulin release from encapsulated
(experimental, squares) and unencapsulated (control, diamonds) MIN6 cells following a step increase in glucose. The nominal
pore size used for the encapsulated cells was 75 nm. Inset: Enlarged graph of experimental data. Adapted with permission from
Ref. [369].
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(�3.5 nm diameter) would be able to diffuse through the membrane, whilst preventing transport of
larger molecules (>30 nm diameter), such as antibodies. They also demonstrated the feasibility of
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using nanoporous AAO capsules for the encapsulation of cells. AAO capsules (pore diameter 46–
75 nm) incorporated with insulin-secreting MIN6 cells could act as effective semipermeable devices
allowing transport of glucose and insulin whilst impeding the transport of larger proteins such as
immunoglobulin [369–371]. Fig. 49b shows fast release of glucose and the prevention of IgG release
over 4 d. The release profile of insulin produced by MIN6 cells through AAO in response to an increase
in glucose level is shown in Fig. 49c. The cells also retained their viability in close proximity to the AAO
membrane showing future perspectives of this approach for clinical immunoisolation.

6.7. Other applications and aspects

In recent years, emerging applications such as fuel cells, solar cells, molecular junctions and pho-
tonic crystals using AAO substrates have received increasing attention. For instance, AAO-based me-
tal–insulator–metal (MIM) nanocapacitors for energy storage have been fabricated by Banerjee
et al. [227] who deposited the sequence of TiN–Al2O3–TiN multilayer structures on AAO by ALD
(Fig. 50). Self-alignment of each individual layer facilitated the formation of a highly controlled nan-
ocapacitor inside AAO nanopores with an overall thickness of 25 nm. In this work, the authors re-
ported equivalent planar capacitance (EPC) density up to 100 lF cm�2 surpassing previously
reported values of nanostructured electronic capacitors. In another example, Liu et al. synthesized
RuO2/poly(3,4-ethylenedioxythiophene) (PEDOT) composite nanotubes grown in an AAO substrate
by step-wise electrochemical deposition method. The high surface area of the nanotubular structures
led to high specific capacitance values and fast charging/discharging capability [372]. Another
type of application was investigated by Liu et al. who fabricated ZnO nanowires and intramolecular
Fig. 50. Process sequence to prepare MIM (metal–insulator–metal) capacitors. (a) Al foil is anodically bonded to a glass
substrate. (b) AAO formation. (c) MIM deposition via ALD processes. (d) Electron beam deposition of Al. (e) Photolithography,
masking and etching of the Al electrode, then the top electrode (TE) TiN, to define the capacitor area. (f) Electrical testing using
the Al foil (which is in contact with the bottom electrode TiN) as a back contact and electron-beam Al as the top contact. (g)
Two-inch wafer with capacitors of different areas defined on the surface. (h) A zoom-in image of an actual ‘dot’ capacitor tested.
Each such dot capacitor is 125 lm wide and contains �1 � 106 nanocapacitors. Adapted with permission from Ref. [227].
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p–n junctions embedded in an AAO substrate and studied their electrical properties. I–V measure-
ments of ZnO nanowires in AAO substrate confirmed that the wires’ average resistivity was about
one order of magnitude higher than that of non-templated ZnO nanowires [229].

Dye-sensitized solar cells (DSSCs) that display excellent photovoltage and light-harvesting effi-
ciency have received considerable attention recently. For example, Hupp et al. fabricated high surface
area photoelectrodes by depositing ZnO inside AAO. A continuous and conformal polycrystalline film
of AZO was produced by ALD spanning the length of the pore channels. The power conversion effi-
ciency of this DSSC was reported to be �1.6% [233]. The same group developed new photoelectrode
composites of TiO2 coated ITO grown inside AAO to produce a transmissive and conductive high-area
electrode (Fig. 51). Photovoltaic performance of this photoelectrode exhibited higher current density
than control devices (lacking a current collector) with conversion efficiency of 1.1% [234]. These two
strategies exploit the high aspect ratio, inertness, robust and translucency of AAO, which makes it a
particularly suitable candidate for solar cell electrodes. Recently, Nakayama et al. [373] used a differ-
ent configuration of solar cells where optically thin GaAs photovoltaic layers decorated with Ag nano-
particles were deposited on AAO. The authors observed that the surface plasmonic resonances and
scattering of Ag nanoparticles could be tuned by shape and density of the nanoparticles to optimize
the absorption of incident light.

Magnetic nanotube assemblies inside AAO have been pursued by Soroka and co-workers assem-
bling multilayer nanotubes made of TiO2/iron oxides with well-defined interfaces made by ALD. These
structures showed weak ferromagnetic behavior [230]. Bachmann et al. showed the effect of confine-
ment and anisotropy of iron oxide deposited inside AAO (Fig. 52) [374]. By adjusting the size, geom-
etry and thickness of deposited iron oxide by ALD, the magnetization of these nanotubes was
manipulated either in vortex or transverse mode. Another notable work is the discovery of nanowires
grown inside AAO for electron field emission (EFE) application [375]. Vertically aligned nickel nano-
wires were grown inside AAO using electrochemical deposition with the AAO substrate acting as insu-
lating spacer. Nanowires grown in 100 nm pore size AAO exhibited higher EFE as compared to 200 nm
pore size. The length and diameter of the nanowires also influenced EFE performance.

Optical properties of nanoscopic metal or metal oxide grown in AAO pores have become a hot topic
in the last decade. For instance, ZnO deposited in AAO substrates showed higher intensity PL as com-
pared to ZnO deposited on flat Al substrate [376]. Zong et al. investigated the optical properties of
transparent copper nanorod and nanowire arrays embedded in AAO. The existence of transverse
and longitudinal resonance peaks of surface plasmon resonance were believed to be affected by the
diameter of the nanorods and the polarization direction, respectively [377]. In addition, optical prop-
erties of SiC nanowire arrays synthesized using ordered AAO was investigated by Li et al. (Fig. 53).
These arrays displayed unique Raman spectra where the TO (C) phonon line was not only much stron-
ger than the LO (C) phonon line, but both lines also shifted. The difference was caused by size confine-
ment effects and stacking faults of oriented nanowires [378].
Fig. 51. Idealized two-dimensional cross-section of (a) a nanotube DSSC photoanode and (b) a concentric nanotube DSSC
photoanode with ITO lining the pores. Adapted with permission from Ref. [234].



Fig. 52. (a) Structure of iron oxide nanotubes. From top to bottom and left to right: photograph of a series of samples of Fe2O3

tubes in the AAO membranes with 50 nm outer diameter and increasing wall thicknesses (0, 1, 2, 4, 8, 12, and 16 nm,
respectively); SEM image of ZrO2/Fe2O3/ZrO2 tubes of 180 nm outer diameter embedded in the matrix, observed in cross-
section, and at a break of the sample; TEM image of short Fe3O4 tubes of 180 nm diameter. (b) Comparison between the
magnetic hysteresis of Fe3O4 nanotube arrays in a magnetic field applied perpendicular (solid thick curves) and parallel (thin
dashed curves) to the z axis of the tubes. The light green curves correspond to tubes prepared with 500 ALD cycles and the dark
purple ones with 700 cycles. Adapted with permission from Ref. [374].

Fig. 53. (a) FE-SEM image of oriented SiC nanowire arrays grown with the assistance of an AAO template. (b) TEM image of
several parallel SiC nanowires. (c) The corresponding SAED pattern taken from several SiC nanowires shows three discrete
polycrystalline diffraction rings, which correspond to the (111), (220), and (311) crystallographic planes of cubic b-SiC. (d).
HRTEM image of an oriented SiC nanowire. Adapted with permission from Ref. [378].
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Fig. 54. PL spectra of the AAO films with the same pore diameter but different thicknesses (differentiated by line color from
turquoise (lower) to blue (upper)) correspond to 10, 20, 30, 60, 120, 300 and 480 min of anodization time, respectively. The
colors were attributed to the interference within a Fabry–Pérot optical cavity which are sensitive to film thickness and
refractive indexs. All samples were anodized from polished Al foils. The inserted SEM image of AAO film indicates a porosity of
8%. The scale bar is 200 nm. Adapted with permission from Ref. [380].
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Further recent work investigated the behavior of gold nanorod arrays coupled with a semicontin-
uous nanoparticle film developed using AAO substrates as template. Nonlinear enhancement effects
occurred upon plasmonic coupling and interference between a percolating Au nanoparticle film and
a free standing Au nanorod array [379]. Others have focused on the optical behavior of naked AAO
membranes. Analysis of the laser-induced PL fringes on AAO membranes was exploited to measure
thickness and refractive index of the membranes. The PL fringes were attributed to the interference
within a Fabry–Pérot optical cavity. The separation between two neighboring PL peaks was highly sen-
sitive to film thickness and refractive index (Fig. 54) [380]. Chen et al. showed that the intensity of PL
spectra of AAO membrane increased linearly with membrane thickness. They also suggested that the
two sub-peaks observed in the PL emission could be attributed to two luminescence centers in the
membrane caused by oxygen defects and oxalic acid impurities [381].
7. Summary and concluding remarks

Over the past several years, significant progress has been made with regards to structural engineer-
ing 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 pores archi-
tectures. Access to these structures is achieved by changing anodization conditions such as current,
voltage and type of electrolytes during electrochemically self-ordering of AAO. Better control of pore
arrangement accompanied by nanoimprinting techniques has given rise to high resolution and effi-
ciency for nanofabrication of AAO. Important areas such as template synthesis and molecular separa-
tions benefit from these developments. With regards to template synthesis, the dimensions of
desirable inverse nanostructures such as diameter, length and degree of orientation can be manipu-
lated by controlling the shape of the AAO template. For example, AAO membrane with periodic pore
architecture have been used to fabricate high quality photonic crystals. Furthermore, the current
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state-of-art template synthesis employing AAO templates allows fabrication of bamboo-like conduct-
ing carbon nanotubes decorated with Au nanoparticles.

Researchers are also pushing the boundaries of molecular separations using AAO with pores of con-
trolled shape and size, internal surface modification and explore the effect of external parameters,
such as pH, flux, concentration gradient and ionic strength.

The recent progress on surface modification and functionalization of AAO membranes based on wet
chemical synthesis and gas-phase techniques has also been reviewed in detail. Examples of innovative
surface modification approaches and their impact on properties of the resulting materials as well as
applications enabled by these surface modifications have been highlighted. Fabrication of complex
AAO nanostructures combined with even greater control over surface functionality is expected to lead
to unique nanostructures and nanodevices with unprecedented functional properties for the next gen-
eration devices including the exploration of their application with a focus on the different research
area ranging from medicine to material science and electronics. As such, there is no doubt that AAO
membranes will play an important role in a plethora of emerging nanodevices.
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