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Abstract: During recent years, the anodization of aluminum, due to its great commercial significance,
represents one of the most important and widespread method used for the synthesis of ordered nanostructures.
Whose geometry is controlled by diverse synthesis factors which include the voltage applied, the temperature of
the electrochemical environment in which the synthesis is carried out, the reagent used to etch the aluminum
metal and the time period of anodization. As anodic porous alumina (APA) has high porosity, pores with high
aspect ratio with highly ordered pores. The matrix is well-suited for biomedical applications such as protein
separation, purification, biomolecule detection, drug delivery protein crystallography and cell cultures because
the biological macromolecules can easily fit into the pores of the matrix without the loss of primary biological
action. In combination with surface engineering and nanobiotechnology diverse surface modifications are now
being realized with nanoscale pore structures of APA that can provide high selectivity to archive a variety of
applications based on specific molecular characteristics. This review observes how the structure and properties
of APA related to their present and prospective uses for research in biotechnology. In addition, the role of APA
are also covered in areas including, sensitive detection methods, microarrays and other molecular assays, and
in creating new nanostructures for further uses within biology.
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l. INTRODUCTION

The biomaterials community has excelled in creating materials that are either completely inert (e.g., hip
prosthesis) or completely biodegradable (e.g., absorbable structures) by minimizing cell adhesion, protein
deposits and encapsulation. This is essential because biological reactions reduce the ability of active medical
devices to interact with the biological environment. Biosensors and drug delivery implants are active medical
devices that must be capable of functioning over months, years, and possibly decades. These devices must also
show functional stability under an extensive range of biological conditions. The functional lifetime of an active
medical device will be dramatically increased if biofouling (especially protein absorption) and inflammation are
minimized.

Nanoporous membranes have rare or exciting properties, which have fascinated deep attention from
nanotechnologists, material and medical scientists. Membranes with nanometer-scale features have many
applications, such as in optics [1], electronics [2], catalysis [3], selective molecule separation [4-6], filtration
and purification [7], biosensing as DNA-microarray or protein-chip application [8-10], and single-molecule
detection [11-13]. These materials have usually a specific surface area. The functioning of biosensors is
enhanced when nanoporous materials are used because of their large surface area and also due to their ability in
size-selective infiltration. Nanopores procedure is challenging as it not easy to have an effective infiltration of
molecules whose size is of the matching order of the pore radius. There is a relation between ease of infiltration
and level of sensor response for the detection of biomolecules in nanopores. One of the interesting features of
nanopores is high aspect ratios (pore diameter vs pore length) [15] which serve as selective portals in a way that
resembles the way pores in living cells sense or acquire precise compounds and can serve as an operational
support for chemical purifications and separations. Other attractive types include nanoporous materials of
silica/glass and a range of metal foams and metal oxides. The latter group includes oxides capable of self-
assembling into nanoporous structures under anodizing conditions and can be formed from metals such as tin,
titanium and aluminum. The nanoporous forms of aluminum oxide have attracted the attention of materials
scientists and electrochemists for a long time because the modifiable and ordered nanochannel array material
provide facility for significant applications [22-24]. In the last 35 years or so, hanoporous membranes with a
reasonably uniform pore-size distribution have become commercially available. Indeed, nanopore-molecule
interactions were described by experiments and theory following the development of track etched membranes in
the 1970s [16]. Highly ordered nanoscale surfaces can greatly enhance some optical and physical detection
methods such as surfaced enhanced Raman spectroscopy (SERS). A typical anodic porous alumina (APA) has
columnar hexagonal cells with central, cylindrical uniformly sized holes ranging from 10 to 200 nm in diameter,
pore density as high as 10®-10™ pores/ cm?® and the film thickness varying from 0.1 to 300 nm, pore length

www.iosrjournals.org 17 | Page



Highly ordered anodic porous alumina membrane and its surface modification approaches for

about 60 um (see table 1 and figure 1) [17-19]. Additionally, these dimensions are modifiable. It has been
reported that the pore density and pore size of the APA can be controlled by the anodizing voltage and the
solution composition, whereas the membrane thickness can be adjusted by the charge passed during the anodic
electrolysis [21]. Aluminum is one of the lowest valency metals not commonly found in nature, the oxide is
highly insoluble and unlike many other aluminum salts, non-toxic which results in excellent biocompatibility.
APA has a low background with respect to many detection techniques, including fluorescence microscopy.
Additionally, aluminum oxide does not change volume greatly with temperature changes or on wetting, it is
compatible with a wide range of solvents and is exceptionally thermostable (some forms withstand temperatures
in excess of 1000 °C). The manufacture of nanoporous oxides is not recent, and the availability of commercial
forms over the last few decades may have contributed to the wide range of ingenious applications. To date over
500 patents have been filed on the manufacture or use of anodic alumina. Lastly, those nanoporous alumina
membrane materials that do exist can be used as templates to produce other nanoscale materials with added
suitable properties. In the subsequent section surface modifications to improve membrane properties for
biocompatibility and fouling resistance will be highlighted. Further, biomedical applications of anodic
nanoporous alumina materials will be reviewed. Further, key scientific challenges and future directions will be
discussed in the concluding remarks. Moreover, this review will also examine how the structure and properties
of APA connect with its present and potential uses within research and biotechnology areas including
microbiology, mammalian cell culture, sensitive detection methods, microarrays and other molecular assays,
and in creating new nanostructures with further uses within biology

Il.  Preparation Of Anodic Porous Alumina (Apa) Membrane For Electrochemical Method

Preparation on two step anodization for ordered arrays with straight holes in naturally ordering
processes and degree of the ordering of the hole configuration at the surface of the anodic porous alumina is low
because the holes develop randomly at the initial stage of the anodization [43]. To improve the ordering of the
surface side of the anodic porous alumina, two-step anodization has been effectively adopted [44]. The first
anodization process consists of a long-period anodization to form the highly ordered hole configuration at the
oxide/Al interface and the second anodization is performed after the removal of the oxide formed in the first
anodization step. After the removal of the oxide, an array of highly ordered dimples was formed on the Al, and
these dimples can act as initiation sites for the hole development in the second anodization. This process
generates an ordered hole array throughout the entire oxide layer. In figure 2 shows the schematic diagram of
fabrication of ideally ordered porous alumina using an imprint stamp. More, APA template with different pore
size and wall thickness were produced using different electrolyte solution (acid), the voltage applied, the
temperature of the electrochemical environment in which the synthesis is carried out, the reagent used to etch
the aluminum metal and the time period of anodization. Additionally, the preparation of a porous alumina mask
can be used several types of fabrication method given in table 2.

CHEMICAL REACTION
The Chemical reaction of anodization of aluminum appears simple. For example, the main reaction can
be written as:

2Al + 3H20 — A1203 + 3H2 (1)

This reaction is right, however does not represent the specifics of the entire electrochemical process. It
is crucial to know the chemical reactions at electrolyte/oxide and oxide/metal limits independently. It is definite
that, when electric field is applied, aluminum at the oxide/metal mechanism will be oxidized into AI** cations:
Al — AP** + 3e. Several of these cations transfer through the oxide layer and are liquefied into the electrolyte (in
a case of porous APA) or form oxide at the electrolyte/oxide interface (in a case of nonporous APA). The
hydroxide will finally decompose to form oxide. In the case of APA, even hydroxide of aluminum forms as an
intermediate phase, it will decay very quickly and no measurable hydroxide layer appears. At the
electrolyte/oxide interface, Al,Ozis liquefied in electrolyte. The oxide anions are directed by the electric field to
the oxide layer, leading to the formation of Al,O; at the oxide/metal interface. However, these oxide anions are
not sufficient for the newly made oxide layer. A high quantity of anions must be provided from dissociation of
water at the electrolyte/oxide interface. A water-splitting reaction: H,O — 2H, + O° or H,0 — H" + OH™ was
thus projected [47, 48]. It was stated that dissociation of water not only supplies anions to the oxide layer, but
also shows a key role in leading the porosity of the porous APA films and the overall reaction at the
electrolyte/oxide interface can be written as:

Al,O3+ nH,0 — 2A1* + (3+n—x) 0" +xOH + (2n—x) H*  (2)
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where n is the ratio of the dissociation proportion n of water to the dissolution rate of Al,Ozand x is the ratio of
O*and OH", which has not yet been determined [49]. In addition to the main reactions above, some anions in
electrolyte may also be incorporated in the aluminium oxide layer. For example, an oxide film grown in
phosphoric acid electrolyte may contain phosphorus species, probably as PO,’~ anions [50, 51]. These big
anions transfer far slower than O*/ OH™ anions and are incapable to move to the oxide/metal interface [52].
Therefore, water in electrolyte is still the key source of oxygen for the formation of the oxide films [53].

I11.  General Structure Of Anodic Porous Alumina

The geometrical structure of anodic porous alumina is schematically represented as a honeycomb
structure containing of a close-packed array of columnar alumina units called cells, each having a central
straight hole see figure 3, which are often categorized by given parameters such as a pore diameter, wall
thickness, barrier layer thickness and interpore distance (cell diameter). The uniform pore diameter, which is
easily controllably by altering the anodizing conditions shown figure 4, can range from a few nanometers to
hundreds of nanometers. The depth of fine parallel channels can even exceed 100 mm, a characteristic which
makes anodic porous alumina one of the best chosen nanostructures with a high aspect ratio and high pore
density, the dependence of the depth of the ordered holes on the applied voltage for the anodization in oxalic
acid solution has studied in [54]. The most appropriate voltage for maintaining the ideal ordering of pores is 40
V, and the ideal pore configuration with high aspect ratio cannot be maintained under other applied voltages.
The major anodic film factors are directly dependent on the applied voltage. The cell size, corresponding to the
hole interval, is determined by the applied voltage used for the anodization; the cell size determines he applied
voltage with the applied voltage. The value of the constant of the cell size combined by the applied voltage is
approximately 2.5 nm [31] and it is given by the equation (D;,, = kU) where D;, is interpore distance of cell, U
is the applied cell potential and k is a proportionality constant.

Generally, with increasing anodizing potential is seen to increase the interpore distance. Additionally,
the hole size is dependent on the electrolyte configuration, temperature, period of anodization as well as applied
voltage. The hole size is also controlled by the pore spreading treatment by dipping the porous alumina in an
appropriate acid solution after the anodization. The cell size usually ranges from 10 to 500 nm and the holes size
from 5 to 400 nm [55] depending on the anodizing and post-anodizing conditions. The depth of the holes
(thickness of the oxide films) has a linear relationship with the period of the anodization. A side effect of APA
manufacture, occasionally seen on commercial APA, is a phenomenon called “hot spots” which are strong
points of fluorescence on a low background material. In other situations, such as gold or silver coated APA, hot
spots formed purposely may be a suitable image development practice [56]. For example, in a paper [57] where
APA substrate with hexagonal periodicity [15] was prepared at +7°C external bath temperature with electrolyte
stirring, by controlled modification of a 250 nm thick foil of ultrapure (99.999%) aluminum as anode, in the
same open electrochemical cell configuration. The anodization was carried out in the aqueous solution of oxalic
acid to obtain the desired pore size and cell thickness. The estimated design of the nanostructured APA template
is shown in Figure 5 (a). Further, Gold was thermally evaporated onto the APA substrates (APA) with
deposition rate of 0.5 A/s until a final total thickness of 25 nm was reached. The sample holder was always
rotated at 1 RPM in order to improve the homogeneity and the morphological excellence of the gold layer. The
substance of interest was deposited over subsequent gold-coated APA substrate termed as ‘AuAPA’ using
chemisorption technique. In this method, the substrate was dipped in a solution containing the molecule of
interest. The substrate was removed after 20 min from the solution and then, gently, rinsed to remove excess
molecules those are not attached directly to the metal surface. Then, the samples were dried in N, flow, and
lastly stored in a desiccator before SERS measurements. Cresyl violet (CV) dyes and glycine amino acid were
tested for SERS probes with the concentration about 10° M [58]. SEM images of APA substrate before and
after gold-coating of 25 nm are shown in figures 5 (b and c).

V. HIGHLY ORDERED ANODIC POROUS ALUMINA MEMBRANE

Under certain anodization conditions, continuous oxidation results in self-organization of the pores
which consequently create a very well-organized structure [59]. This has focused to the development of a two-
step oxidation method, where a sacrificial oxidation layer is formed till the oxidation reaches a fixed state.
Subsequently a well-organized porous structure is straight designed during the following oxidation step [43]. By
elimination of the oxide layer left the core aluminum imprinted with the periodic structure. APA made under
these self-organization settings has a porosity of about 10% [31] and has defect-free places up to few microns in
size. The porosity of a hexagonal structure is given by the equation 3, where the radius of the pore is r and the
interpore spacing Djyr/Djy is constant for self-ordered porous alumina, the optimum porosity is around 10%.
Some of the parameters in which the optimum porosity is around 10% have given in table 3. Note that the
slightly larger pore diameter of the H,SO, sample is due to chemical attack of the pore walls. Note that in the
disordered growth regime, the porosity can be significantly larger or even smaller than 10% [58].
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The necessity for a constant voltage does not permit lift-off by a progressive voltage reduction. Thus, well
ordered APA is generally synthesised from thin aluminum films. After anodization, the substrate is etched, e.g.
with an aqueous CuCl, solution. Instead, etching can be achieved with saturated HgCl, followed by 5%
phosphoric acid. These methods remove the remainder of the aluminum and open the pores to create a
symmetrical membrane. The limited number of known self-ordering conditions puts restrictions on the
availablemembrane formats. More flexibility is introduced by premolding the aluminum film with an imprint
stamp [44].

Throughout following anodization, the imprinted design is reproduced in the oxide, resulting in
extraordinarily ordered arrays. Nanopores have other attractive properties: narrow pores with high aspect ratios
(pore diameter vs pore length) [60] can act as selective portals in a way that mimics the way pores in cells sense
or take up specific compounds and can be effective supports for chemical purifications and separations. An
oxide layer of >400 nm was formed; anodization at higher voltages proved to be stable but when Anodization
outside the setup window of small anodization can effect in breakdown of the oxide film [61]. Alternatively, the
maximum aspect ratio of well-ordered pores that can be attained throughout the imprinting of contradictory
arrangements stay limited [62]. Self-ordering systems can also be formed at high anodization voltages which
have been shown recent years, [63]. This hard anodization method formed shaped and a well-ordered structure
in a rationally wide operation system. An increased anodization rate is also due to higher voltage (> 50 um/h
compared to 2-6 pm/h for mild anodization). Instead, the porosity attained was reduced to only 3.3%. The
availability of altered anodization schemes has led to the fabrication of extra advanced structures. An oxide with
an interchanging pore diameter could be obtained by switching mild and hard anodization, [64]. The creation of
ragged pores was also established by an additional innovative fabrication method [65]. By distorted voltages,
Slopes of different diameter nanopores over spaces up to a centimetre were attained [66]. Concluded inclusion
anodic oxidation with selective aluminium etching, very thin APA membranes that were maintained by
unetched aluminum were attained; these membranes showed better flow rates during filtration [67].

Surface Modification And Functionalization To Improve Apa Membrane Properties

Advances in protein screening, organic and inorganic molecular development, and sensing of
toxins/viruses have enhanced the requirement for membranes with uniform pore size and a large dynamic range
of biomolecule size selection (~1 nm to 1 um). Surface modification permits adjustment of the simple quality of
alumina, e.g. not only the reflectivity, hydrophobicity and surface charge, but also membrane selectivity,
antifouling resistance and the recruitment of biomolecules in specific and potentially high-throughput assays.
Added extra molecules bound to an inert aluminum oxide surface may look like an unrealistic objective; but
they add capabilities to the high surface area [68-75]. Aluminum oxide surfaces can be modified in several ways
see table 4, for example the adsorption of poly-L-lysine to APA results in positively charged surfaces that can
bind DNA fragments by electrostatic interactions. This has been exploited for the fabrication of a fluorescence
resonance energy transfer (FRET) based sensor with single pore resolution [76] and cholesterol sensor [77]
similarly, the adsorption of poly (diallyldimethylammonium chloride) can facilitate gold nanoparticle binding
[78]. In situ polymer formation on APA has been proved by plasma polymerization [79]. This produces an
amine-terminated surface, but also lessens the actual pore diameter. A more efficient method to modify
nanoporous membranes is by atomic layer deposition (ALD). ALD is a film growth technique that utilizes
alternating, self-limiting chemical reactions between gaseous precursor molecules and a surface to deposit
material in an atomic layer-by-layer fashion [80] resulting in an integrated architecture having narrow pore size
distribution. Layer by layer assembly or self-assembled monolayers (SAMSs) resulting in packed and unbroken
surface coverage, and that it does not markedly variation the structural properties of the substrate. The
adsorption of alkanethiols offer a suitable method to assign functional groups to metal substrates such as gold,
silver and copper that can be used in membrane technology, especially in nanofiltration [81] and then used to
prepare ion selective membranes with controllable pH-dependent permselectivity [82]. Freshly, much success
has been obtained by functionalizing implant surfaces with polyethylene glycol (PEG) [83]. The benefits of
monolayer development are that it is typically based on self-assembly, of n-alkanoic acids on APA is possible,
but as this adsorption were is reversible, the subsequent monolayers were under agqueous environments [84].
Most reports, still, deal with organosilanes. This is important, as the packing density and stability of
organosilane monolayers is known to be controlled on alumina in contrast to other substrates [85]. The
deposition of silica former to monolayer formation is suggested to increase monolayer stability, however
complicates the modification method [72]. Stable monolayers on alumina also form by phosphoric acids [85,
87], however there is only one example of the adsorption of these compounds onto APA [88], may be because
of the limited marketable availability of functional phosphonic acids. Finally, chemisorption of terminal alkynes
onto APA also results in the creation of stable monolayers which was newly exposed [89]. To change the
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surface charge of APA has been modified by applying organosilanes [70], and to produce a superhydrophobic
material by hexamethlydisilane (HMDS) [90, 91] and to lessen membrane fouling [92, 93]. See the mostly used
classes of compounds are to form monolayers on anodic aluminum oxide as including organosilanes, carboxylic
acids, and phosphonic acids for some surface modification of anodic aluminum oxide (APA) membranes in
figure 6.

When biomedical implants come in connection with physiological surroundings, primarily three types of
reactions happened to bound the long-term usage. These are (1) biofouling, (2) immune reaction as determined
by biocompatibility, and (3) degradation and loss of implant material due to corrosion, dissolution, or leaching.
Numerous approaches are being discovered to report these concerns such that the future medical implants
interact with the host in a controlled and a predictable manner. Diamond-like carbon (DLC) thin films are
another suitable material for implantable biosensors. The term diamond-like carbon is used to describe
amorphous carbon that contains sp* hybridized carbon atoms. In a recent study, [94] demonstrated that DLC-
coated nanoporous alumina membranes remained free from fibrin or platelet aggregation after exposure to
human platelet rich plasma. In that paper shows that no fibrin networks or platelet aggregation were observed on
the surface of the DLC-coated nanoporous membrane (100 nm pore size) after exposure to human platelet rich
plasma. Porous alumina is an alternative porous medium, which along with the major advantages of porous
silicon offers high stability in agueous environment at physiologically relevant pH. For this reason porous
alumina recently started to receive attention as a transducer matrix [95-97]. However, there has been only
limited success in porous alumina transducers based on waveguide spectroscopy [96] and a prototype
interferometric detection system that required a drying step and therefore, it could not be used for the design of
real-time biosensor devices. Dronov reported an interferometric reflectance transducer based on nanoporous
alumina films with a thin semi reflective metals coating [98]. In contrast to porous silicon, this material is highly
stable in aqueous environment, does not require highly toxic and corrosive substances for its preparation and can
be easily surface-modified using silane chemistry. He demonstrated that such a hybrid transducer can be
successfully applied for the construction of optical immunoassays. This approach takes advantage of the low
refractive index of porous alumina while providing sufficient reflectivity to generate a high fidelity
interferometric reflectance spectrum in water. Also, he demonstrate that fine-tuning essential functional
properties of the porous layer, its permeability and size restriction, can be accomplished by an additional
chemical etching step following the anodization process. One can also envisage independent modification of the
interior of the pores (e.g. with a receptor or antibody) and the semireflective metal layer (e.g. with an antifouling
coating) in order to enhance the system’s selectivity towards specific types of analytes. He expects composite
porous alumina/metal-based interferometric transducers to find practical applications in biomedical diagnostics
in the near future.

APA is highly well-suited substrate for surface enhanced Raman spectroscopy (SERS), which is an
exceptionally sensitive, label-less and potentially real-time variant [99]. The surface enhancement effect is
persuaded by strongly localized electromagnetic fields (‘hot spots’) that can be obtained by excitation of
nanostructured metals. Hence, early studies used APA as a sacrificial template to form ordered metal
nanostructures [100], Also, SERS-active substrates have been obtained by adsorption of silver and gold
nanoparticles onto APA [101-104] These surfaces show increased sensitivity compared to planar surfaces not
only because of the higher surface area, but also the optical waveguide effect. The latter was estimated to give
rise to an additional enhancement of about three orders of magnitude [103] and corresponding substrates were
used to detect concentrations of explosives to a sensitivity of one part in [103]. Moreover, APA was lined with a
metal to obtain a surface with homogeneous SERS activity, which is hard to obtain by nanoparticle-based
methods [105]. Gold deposition within the nanopores, combined with fine-tuning of the APA thickness, has
been used to produce sensitive arrays [105]. Sputtering a well-ordered APA substrate with silver can result in
the formation of hemispherical silver nanocaps on the outer surface. It was shown that the distance between the
individual nanocaps is able to be fine-tuned, which makes these surfaces excellent SERS substrates [106]. In
addition to homogeneous SERS activity, the advantages of these procedures are their easiness and scalability.

In the study [107] Cresyl Violet (CV) dye is extensively used in biology and medicine for histological stain
see optical absorption spectrum and molecular structure in inset of figure 7a. The optical spectrum of CV shows
the absorption peak at around 580 nm. Though it is not fully in resonance with the excitation frequency for
SERS measurement, minute resonance contribution can be expected because of the resonance frequency. SERS
measurements were performed for CV dye, deposited on AUAPA SERS substrate, at different positions in the
range of 300-1400 cm™. Raman measurements were performed for CV on a flat non-patterned silicon wafer
substrate and on flat gold surface as well, which can be considered as a positive control sample. The Raman
spectrum of CV on Si surface, presented in figure 7(a), is relatively unremarkable, with an exponentially
increasing fluorescence background and a single characteristic peak of CV at 591 cm™ with low intensity, figure
7(b) SERS spectrum of CV is also illustrated, showing the CV spectrum due to an efficient fluorescence
quenching by honey-comb structure. AuAPA SERS background spectrum and Raman spectrum of CV,
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deposited on flat Au surface, are shown in the inset of figure 7(c) SERS and Raman spectrum of glycin (an
amino acid). A new possible way to produce large area SERS devices established by fabricated AuAPA
substrates showing periodic hexagonal lattice (100 nm) with pore size of 60 nm. This method permits the
production of reproducible SERS substrates without involving cost effective lithographic techniques. Also,
SERS analysis was performed for CV and glycine molecules, deposited by means of chemisorption techniques.
The SERS enhancement factor ‘G’ was estimated to be around 10* and 7 X10° with respect to the flat gold
surface and to the Si substrate, respectively. Numerical simulations of AUAPA device were performed showing
a maximum value of electric fields in correspondence of the edges between gold and air-pores. Moreover, the
electric field enhancement is supporting experimental findings. Organised study should be carried out by
varying pore size and cell thickness. Thus, an optimization of ‘G’ could be achieved, opening a new route for
the production of disposable SERS device.

V.  Application Of Anodic Porous Alumina Membrane For Biomedical Application

Alumina membranes are a class of self-organized, highly ordered and biocompatible nanomaterials
with regular pore size, uniform pore density and high porosity over a large scale, thus providing an increased
surface area [1]. Over and above, nanoporous APA is optically transparent, electrically insulating, chemically
stable, bio-inert and biocompatible [3]. These outstanding properties are beneficial for various applications
figure 8 of APA membranes in biomedical ranging from biofiltration membranes [4-6], lipid bilayer support
structures [7], biosensing devices [8-12] and implant coatings [13-16] to drug delivery systems with APA
capsules [3,17-19] and scaffolds for tissue engineering [20-23]. In implantable drug delivery or immunoisolation
devices, the membrane would function as a semipermeable compartment that holds the implant or drug while
allowing passage of desired molecules in a controlled manner [108]. Nanoporous membranes are also the
obvious choice for in-vitro analysis, including medical diagnosis, cell evaluation, and protein separation [109].
A key challenge has been to fabricate membranes with appropriate pore size, pore density, and pore size
distribution properties, in order to maximize passage of analytes and minimize passage of fouling materials
[108,110-111]. Furthermore, APA nanopores are not always used on their own. They also serve as widely used
template for other biocompatible nanostructures such as gold and platinum nanopillars [24-26]. Moreover, the
electrochemical production of biocompatible APA templates is often combined with pre-structuring approaches
such as electron beam lithography to create localized nanostructures in the nanoporous templates [30-32]. The
surface of APA nanopores can also be modified with versatile methods to tailor them for specific cell growth.
Moreover, nanoporous APA membranes have a low background autofluorescence, which is advantageous for
cell counting applications in particular [33]. Because of these outstanding biomaterial properties nanoporous
APA membranes have gained increasing interest as cell-interface substrates for manifold cell types and
biomedical applications. The pore diameter of nanoporous alumina membranes can also affect the behaviour of
hepatic cells [112]. The material itself showed no cytotoxic effects and the cells adhered on the membranes even
without any further surface modification. Recent progress in fabrication techniques has made it possible to make
such ideal membranes in expensively. The major difficulty in creating closed-loop systems that function over
long periods of time within the body is the poor in-vivo performance of implantable biosensors. Enormous
research efforts in the past decade have been applied to automate biological analyses and to reduce sample
consumption and cost. There has been a great push toward the micro total analysis system («TAS) or lab-on-a-
chip concept [113].

5.1 SEPARATION AND SORTING BIOMOLECULES

Separation and sorting is used for isolation and purification of molecules from various biological feed
streams and is important in many fields including pharmaceutical industry, food industry and biotechnology.
Many techniques, including size exclusion chromatography and gel electrophoresis of biopolymers, are
currently used in separation science [113,114].

The basic principles that govern size-separation through nanoporous membranes remain the same; Bio-
molecule driven by electric potential. By summarizing the existing theory of solute transport through
nanoporous membranes, it is evaluated in terms of hydraulic permeability (Lp) and some sort of pore-size rating
[115].The hydraulic permeability indicates the porosity of the membrane. It is defined as the solvent flux
through unit area of the membrane under a unit pressure difference, and it is given by equation 4, where rp is the
pore radius, 1 is the solvent viscosity, and (Ak/AX) is the ratio of surface porosity to the pore length. The pore
size rating is usually expressed as molecular- weight cut off (MWCO). The MWCO is generally defined as the
molecular weight for which 90% of the solute is rejected [116]. Rejection (R), which is related to ratio of the
analyse concentration in the permeate (C,) and in the feed solution (Cy), is given by equation 5.

L =(2) () @
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R=1-2 (5)
i

Although several membranes, such as those by Whatman are available for size-based filtration, these
membranes do not have all the desired ‘ideal’ membrane properties to separate similar size biomolecules. See
figure 9 about a plan comparison of charge-based separation via a Normal membrane and a thin alumina
nanoporous membrane.

Further, the unmodified anodic aluminum oxide membranes without separate modification is used to studied the
electrostatic sieving effect for separation of proteins with similar molecular weights, bovine serum albumin

(BSA) and bovine hemoglobin (BHb) at pH= 4.7 (the isoelectric point of BSA) [117], Low ionic strengths
exhibits large double layer thickness both on the surfaces of the protein as well the the charged surfaces of
nanoporous membranes. The double layer thickness [118] is given by Ld (equation 3).

i

L. = RT |72
e =55 (©)

2FZgqic

Where c is the concentration, q is the charge number, R is the gas constant, T is the absolute temperature, and F
is the Faraday constant. The improved selectivity of the thin anodic alumina membrane results from the
relatively large flux of the neutrally charged BSA and the low flux of the positively charged BHb when
nanochannel diameters become close to protein size. This is ascribed to the strong electrostatic interaction and
adsorption inside the charged pore of the membrane at low ionic strength. When the pH of a solution is equal to
the pl (isoelectric point) of the protein it contains, the neutral molecules do not interact electrostatically with the
surface of the membrane pores, which leads to a maximum flux across it. So protein can diffuse through the
pore easily. At pH values above and below the pl, charge interactions between the proteins, their counterions,
and the pore surface lead to a decrease in trans membrane flux. Therefore, when pore size and protein size are
close to each other, the transport of protein is highest at isoelectric point. Therefore, charge-based
selection/separation is difficult to occur during a mixed protein transport experiment via the commercial
alumina membrane even if one side of the membrane has similar pore size distribution as our thin anodic
aluminia membrane. This shows the importance of pore size/geometry in order to make use of the electrostatic
sieving effect for separation of proteins with similar molecular weights illustrates that the electrostatic
interactions between proteins and pore walls are important factors in protein transport across porous membranes
and that these interactions are complex. Previously, Gold nanotubule membranes have attracted attention
because they can be used to control ion transport selectivity by external means, for example by changing the pH
and ionic strength and applying electrical potentials [119-121].

In a more advanced study, an interesting development is the layered surface modification reported by
[122-123], in which anodization and organosilane monolayer formation are repeated. This process allows one to
further tune the transport properties of the membrane. By coupling (functionalized) inorganic nanoparticles to
the APA surface, new properties may also be introduced to the substrate. This coupling can be enabled by
modification of the APA with a polymer or organic monolayer [78], but can also be performed directly onto the
APA. [67,124] Coupling of nanoparticles to the APA is often performed with the aim of Raman enhancement
but also for the introduction of fluorogenic detection reagents. A modified APA membrane was created by
covalently coupling fluorophore-loaded silica nanoparticles to the APA. As the fluorophore (pH rodo,
Invitrogen) displays pH dependent fluorescence, the resulting surfaces can be used for screening of strains of
acid-producing bacteria. An exciting and commercially viable set of applications for functionalised surfaces is
the recruitment of biomolecules for specific assays potentially massively parallel with a large number of binding
sites (e.g. immobilized antibodies or oligonucleotides) for different targets [125]. An elegant example is the use
of APA to create silica nanotubes that are able to display functional antibodies capable of distinguishing
between drug enantiomers. Such a system can selectively bind one enantiomer. An extension of this idea was to
reduce the affinity of the antibody, without eliminating selectivity, using DMSO as a co-solvent. This allows an
APA surface to be used as a chromatography system efficiently billions of nano-chromatography columns in
parallel, for the separation of high value biomolecules [74].

5.2 BIOSENSOR

Studies by Madaras & Buck (1996) [126] others have indicated that biosensor membranes should
exhibit low protein fouling, controlled porosity (e.g. minimal pore-to-pore variation) as well as low thickness
values in order to enable the biosensor to rapidly respond to fluctuations in analyte concentrations. The enzyme
glucose oxidase has also been encapsulated in APA membranes to develop electrochemical biosensors, which
measure the enzyme activity [85]. Pore sizes in this study ranged from 30 to 80 nm, and the outer surface of the
biocapsule sensor was coated with the biopolymer chitosan to increase the enzyme stability within the capsule.
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When the pore diameter enhanced a larger amount of enzyme could be stored in the pores. For smaller diameters
a slower response of the sensor was observed, which was slowest for a pore diameter of 40 nm in a 150 pm
thick pore. The large surface area of the nanoporous alumina membrane allowed relatively large amounts of
enzyme to be incorporated. Yang et al. 2007 [127] immobilized urease on nanoporous alumina membranes; the
immobilized enzyme served as the basis of an electrode-separated piezoelectric sensor. The urea sensor
exhibited short response times, high selectivity for urea as well as long-term storage stability. La Flamme et al.
(2007) [128] examined the use of nanoporous alumina and poly (ethylene glycol)-modified nanoporous alumina
as membranes for immunoisolation devices. The surfaces of nanoporous alumina membranes were modified
with poly (ethylene glycol) in order to resist the adhesion of blood proteins as well as immune cells; proteins
and cells may block pores and reduce diffusion across an immunoisolation device membrane. One of the gains
of APA arrays is that information on binding kinetics (e.g. kinase interacting with a peptide substrate and how
kinase inhibitors affect such an interaction) can be obtained; something that is possibly valued to drug selection
processes [129]. Similarly, surface functionalization may also permit the addition of cell-specific finding
reagents and cell-capture agents. This may permit the recruitment, culture and detection of specific sorts of
bacteria. These types of assays are likely to have extra roles in the presentation for microorganisms not only for
industrial applications, but also in the detection of infections in medical diagnostics. Further, a recent study
proposed a large-area SERS device with efficient fluorescence quenching capability of APA templates with
various pore size and wall thickness as small as 15 and 36 nm, nano-patterned SERS substrate, with excellent
control and reproducibility of plasmon-polaritons generation, shows very efficient enhanced Raman signal in the
presence of intrinsically fluorescent molecules such as cresyl violet, rhodamine, and green fluorescent protein
[130]. This work determines that, when the nanostructures are properly designed and fabricated, Raman and
fluorescence spectroscopy can be used in combination to obtain complementary molecular informations.
Theoretical simulation shows excellent agreement with the experimental findings. The SERS enhancement
factor ‘G’ is found to be 10°-10* with respect to flat gold surface when the molecules are supposed to be
closely packed, with considerable fluorescence suppression, make these substrates disposable, opening the way
to their large-scale and real application as a biosensor.

53 CELL CULTURE

The surface of APA nanopores can also be modified with versatile methods to tailor them for specific
cell growth. In addition, nanoporous APA membranes have a low-background autofluorescence, which is
advantageous for cell counting applications in particular [131]. APA membranes with diameters ranging from
13 to 150 nm are currently fabricated by Synkera Technologies (US), and nanoporous APA cell culture chips
with up to 180000 micron-sized growth compartments are produced by Micro dish in the Netherlands. Since
nano topographic features of a biomaterial such as nanoporous APA influence its interaction with biological
tissues or cells [132, 133]. A study of the growth of neuronal cell on nanoporous APA membranes is composed
in table 5. Customized APA nanopores have been used in these surveys as well as commercially available
alumina membranes, and different coatings and surface modifications were employed. In a study [133] Cell
proliferation increased with an increase in pore diameter and was highest on substrates with 200 nm pores. In
contrast, cell functionality was fostered on membranes with small pore diameters of around 50 nm. This
suggests that it is possible to directly influence the response of HepG2 cells to the nanoporous substrates by
varying the pore size of the membranes. This proved that nanometer surface features of a biomaterial are a key
component during their interactions with biological tissues or cells.

5.4 APA MEMBRANE FOR IMMUNOISOLATION AND DRUG DELIVERY APPLICATION

Over the past years nanoporous alumina membranes have been introduced into several drug delivery
and immunoisolation applications [134]. In broad, immunoisolation is the method of protective implanted
material such as biopolymer; cells or drugs release carriers from immune reactions. It can be proficient by
encapsulation porous alumina semipermeable membrane. In 2002, biocapsules produced from APA have been
presented by Gong et al. to encapsulate molecules of different molecular weight. Molecular diffusion
characteristics from the APA capsules could be well controlled for the two model drugs fluorescein and FITC
dextran by adjusting the pore size from 25 to 55 nm [17]. The diffusion of molecules larger than a critical size
could also be prevented in this study. Using multiple anodization voltages La Flamme et al. were even able to
produce APA capsules with branched pores where single branches had diameters of less than 10 nm. In a follow
up study biocapsules with pore sizes of 75 nm were found to be more durable than comparable polymeric
immunoisolation designs [128]. These pores are big sufficient to permit smaller molecules for example glucose,
oxygen and insulin to pass, however are small sufficient to hinder the passage of considerable bigger immune
reactions molecules such as immunoglobulin which suggests that the APA biocapsules could be used to protect
cell grafts in vivo. When pancreatic B-cell line (MING) were encapsulated in these APA capsules for 24 hours
they exhibited good viability. Yet, the cells were spread inhomogeneously within the capsule, which might be
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because of limited nutrient access in the nanoarchitecture. When various glucose stimuli were applied to the
encapsulated insulin- secreting MING6 cells they showed a dynamic response, which will enable future
encapsulation strategies for the treatment of diabetes. Like in the artificial pancreas, insulin discharging
pancreatic cells is captured inside an immunoisolating device and a semipermeable membrane action as a
boundary between the cells and the body [128]. The capsules have many appealing features for cellular
encapsulation applications.

Nanoporous membranes offer a single method for regulating the passage level of not only proteins and
additional biological molecules, but also drugs. One possible application is self-regulated drug delivery, in
which passage of a captured drug is regulated based on a change in a given physiologic parameter. The
functionality of the majority of these smart membranes like porous alumina is based on reversible expansion and
collapse of responsive polymers integrated into the membranes that regulate fluid/molecular transport through
the pores and provide a chemomechanical effect see in figure 10. In implantable drug delivery or
immunisolation devices the membrane would function as a semipermeable compartment that holds the implant
or dug while allowing passage of desired molecules in controlled manner. The purpose of controlled delivery
systems is to administer drugs in a chosen way for more effective therapy and to eliminate the possibility of
improper dosing. Surface modification, including the surface at the pore mouth, can have profound influences
on the transport rate of specific drugs. Moreover, size, porosity, and membrane thickness offer an attractive
route for making capsules that may be used for providing controlled release of pharmacologic agents [135]. For
example; nanoporous materials are researched for use in drug eluting stents to treat coronary artery disease
[136]. Recently, nanoporous inorganic membranes have been tested for sustained release of ophthalmic drugs to
treat conditions related to the eye [137]. Recently, APA membranes with 20 nm large pores were also presented
as drug carrier for the release of amoxicillin [18]. Over 5 weeks a controlled, sustained release of the model drug
was observed with an antibiotic release being proportional to the square root of time. The enzyme glucose
oxidase has also been encapsulated in APA membranes to develop electrochemical biosensors, which measure
the enzyme activity [85]. Pore sizes in this study ranged from 30 to 80 nm, and the outer surface of the
biocapsule sensor was coated with the biopolymer chitosan to increase the enzyme stability within the capsule.
When the pore diameter enhanced a larger amount of enzyme could be stored in the pores. For smaller diameters
a slower response of the sensor was observed, which was slowest for a pore diameter of 40 nm in a 150 um
thick pore. Drug loaded nanoporous APA membranes have also been used as stent coatings to prevent restenosis
after coronary intervention. Wieneke et al. coated 316 L stainless steel coronary stents with 500 nm of
nanoporous APA and loaded them with the immunosuppressive drug tacrolimus (FK506), which also inhibits
the growth of human vascular smooth muscle cells [138,1396]. The nanoporous APA coating on its own showed
good biocompatibility in the rabbit carotid artery model. Implanting drug-eluting APA stents with FK506 in the
common carotid artery of New Zealand rabbits for 28 days reduced the formation of neointima scar tissue by
50% and also yielded a lower inflammatory response by inhibiting the release of pro-inflammatory cytokines.
When studying the in vitro drug release of tacrolimus from APA coated stents a cumulative release was
measured within the first 144 hours. After 72 hours approximately 75% of the loaded drug had been eluted 25%
were still trapped in the APA nanopores [140]. These findings will be advantageous for the future development
of nanoporous APA stent coatings, for which further continuing investigations on the biocompatibility and the
reendothelialisation are necessary in future [138]. Antiangiogenic and antioxidant drugs were also loaded into
capsules of APA membranes with 20 nm pore size by Orosz et al. to study their diffusion behaviour through this
nanoarchitecture [141]. They cultivated human retinal endothelial cells (HREC) on the nanomembranes and
exposed them to catalase, vitamin C and endostatin respectively. When vitamin C diffused through the
membrane it was found to modulate the HREC’s ability to survive and grow. The antiangiogenic molecule
endostatin could block the growth of HREC after it diffused through the APA nanopores. Moreover, diffused
catalase was able to defend the HREC culture on the APA membrane from the cytotoxic effects of hydrogen
peroxide. Thus, implantable biocapsules from APA can also be applied in future to deliver various drugs of
ophthalmic interest.

5.5 ANODIC POROUS ALUMINA IN FUNCTIONAL PROTEOMICS AND
NANOCRSTALLOGRAPHY

As alumina oxide (Al,Oj) is inert towards the macromolecules. The stability and dynamic range of
microarrays printed with purified protein have hampered their widespread adoption. Moreover, APA offer many
qualities like high surface area expansion, better microfluidic properties, flexibility in porous dimension and
confinement possessions as a mean for selectivity and maximization of light emission. The most common
difficult is still remaining on planar microarray supports is spot concentration and accumulation, which leads to
non-uniform intensity profiles; in that respect porous materials with improved microfluidic properties, can be
solution. On the other hand, the high throughput protein crystallography including this using nano volume
allows to considerably reducing amount of protein used for crystallization trail. Normally, crystallization on the
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porous support needs even lesser amount of protein in contrast classical in volume crystallization [142]. This
principal can be applied for the APA-cell free combined technique, but with considerable more effect on the
crystallization process itself. Taking an alternate approach, the Nucleic Acid Programmable Protein Array
(NAPPA) is constructed by spotting protein-encoding plasmid DNA at high density, in addressable way, on an
array surface. The Nucleic acid-Programmable Protein Array (NAPPA) is a novel protein microarray. NAPPA
eliminates the need of purified proteins by spotting plasmid DNA instead of proteins. All the genes on the array
are then simultaneously transcribed/translated in a cell-free system; the resulting proteins are immobilized in
situ. Label-free protein—protein interactions were recently monitored using self-assembling protein NAPPA
microarrays and anodic porous alumina [143] in an attempt to monitor the proteome alteration associated with
cell proliferation, differentiation and neoplastic transformation. As such, the NAPPA platform offers a unique
and viable alternative that circumvents many of the inherent limitations of spotted protein arrays, enabling
diverse functional protein studies including protein—small molecule, protein-protein, antigen-antibody, and
protein—nucleic acid interactions. Moreover, Label-free NAPPA technology, in combination with protein
nanobiocrystallography and its possible future development using anodic porous alumina along with a cell-free
expression system as specified in [144] and, appear to form a single approach capable of effectively solving the
numerous problems still present in medical diagnosis and therapy [145].

VI.  Conclusion And Future Perspective

Diverse and inventive minds have seized upon the properties of APA and exploited this material in
biomedical applications as wide-ranging as molecular separations, high throughput screening, drug delivery and
sensors. The structural properties of APA have been transferred to other materials, as inverse structures
(nanotubes and nanowires) or by replicating the pore pattern by using the APA as a shadow mask.
Improvements in the basic structure of APA have resulted in more regular pores. Alterations in the surface
properties of APA have been achieved by chemical functionalization. Functionalization has allowed fine-tuning
of basic surface charge and hydrophobicity, but also the specific capture of biomolecules, facilitating highly
multiplexed assays. Despite intense interest, we still do not completely understand the self-ordering process that
anodization brings to aluminum. Therefore, it is necessary to investigate this phenomenon more completely,
which should, in turn, unlock further advances in controlling and extending the range of APA variants available.
Surface chemistry, to date, generally functionalizes APA in limited ways. The use of surface modification
technique to improve the function of nonporous alumina membrane is reviewed. Even the extensive research
carried out in fabrication, characterization and modification of nanoporous alumina membrane materials, there
are still several challenges that must be overcome in order to create synthetic nanopore systems that behave
similarly to their biological counterparts. Appropriate control of the pore size, pore charge, ionic strength and
pH can tune the protein transport through nanoporous alumina membrane membranes for use as mass transfer
gates. Existing commercial membranes offer inexpensive means to separate bioanalytical applications such as
large-scale preconcentration. On the other hand, development of truly nanoscale devices calls for more
controlled pore architecture and the ability to sort and dispense molecules very precisely. Pore geometry,
biocompatibility, and biofouling resistance are central issues for APA membranes that are used as interfaces in
implantable devices. The effort to find suitable nanoporous interfaces for the diverse biomedical applications
will rely on an interdisciplinary approach involving materials science, chemistry, biology, and engineering.
Many challenges lie ahead when developing nonfouling nanoporous APA membrane that is suitable for long-
term in vivo biomedical applications. Surface modification by coating nanoporous membranes with inorganic as
well as organic materials is currently being explored. While techniques such as modification with grafted
polymers and self-assembled polymers have given promising results during in vitro testing, in vivo testing will
be conducted in the future. An example for such a smart membrane is pore surface modification with responsive
polymers that undergo a conformational transition in response to stimuli such as pH, [146,147] temperature,
[148] and ion concentration [149]. A significant challenge is to construct composite hanoporous membranes that
respond to multiple stimuli. Such novel systems can be used in nano/microscale chips for programmable drug
delivery and biomolecular analysis. Several chemistries exist but generally the same modification is made across
a piece of this material. Where different biomolecules are recruited to different areas (e.g. in fabricating a
microarray with different biomolecules in different spots) then this is usually done by printing and a secondary
conjugation. In the future we may expect higher resolution and more versatile surface chemistries. Two trends in
detection methods are supportive of multiplexed assays on APA. The principal is linked to the benefits that the
material passes in relations of optical imaging procedures (SERS, optical wave guides). If these refined and
influential procedures can be taken to the market then this opens up main types of reagent free imaging.
Furthermore, progresses in modest and economy lighting procedures, mainly LEDs [150], and the development
of new detection reagents (nanoparticles) should permit fluorescence-based detection methods to rise in power.
Developments in imaging, for example low cost digital data capture, USB microscopes, direct detection of cell
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autofluorescence using CCD chips [151] can be likely to aid wider usage. The cut in LED prices and price-per-
pixel of digital data capture supports the growing lessening of microbial culture with cheap and point-of-testing
and/or online read-out means, an objective that has been defined as tele microbiology [152]. One logical, but not
completely cool, step would be assays that mix elements from both technology streams. This would consent a
mixture of phenotyping and genotyping, or identification of a target organism joined with an analysis of whether
it is feasible and what it is proficient of (e.g. pathogenicity or carcogenicity). This objective could be succeeded
on APA systems by capturing organisms based around their surface properties (e.g. an antibody) followed by
culture; or the reverse — culture and molecular analysis. Materials can have a major impact on biotechnology.
For example, relatively simple and inexpensive plastics have transformed many aspects including cell growth
and high throughput screening through disposables, such as the multiwell plate and the disposable Petri dish.
We are only just learning to leverage the potential of nanoporous materials in biology, but it is our expectation
that such materials, including APA, will have a significant impact too.
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Table and Figure of Paper
Table 1: Typical Membrane properties and parameters

Property Parameters
Distribution Hexagonal

Pore Diameter 10-200 nm

Pore Type Narrow Dispersed
Pore Length About 60 pm
Pore Density 10%-10™ cm-1
Film Thickness 0.1 to 300 nm

Table 2: Different Type of Fabrication Method

Fabrication method Pore Morphology Uniformity Scalability Cost
Anodization Ordered Good Fair High
Sol- Gel Tortuous Fair Fair low

Micro Fabrication Technique Ordered Good Good high
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Figure: 1 Typical structure of anodic porous membrane (APA) Membrane

=+ hlold

=& Electropolished Al

l Imprinting

l Anodising

Figure 2: Schematic diagram of fabrication of ideally ordered porous alumina using an imprint stamp.
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Figure: 3 High-ordered nanostructures are often characterized by given parameters. (Reprinted with permission
from Ref. [Book: Nanostructured Materials in Electrochemistry. ISBN: 978-3-527-31876-6,Chapter : Highly
Ordered Anodic Porous Alumina Formation by Self-Organized Anodizing , By Grzegorz D. Sulka, Edited by
Ali Eftekhari, Copyright _ 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]
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Figure 4: Parameters influence on the pore diameter of nananostructure formed by anodization of aluminum at
potentiostatic system.

Electrolyte Potential Concentration Interpore distance (Din) Pore Diameter Porosity Reference
Dp (=2r) (P)

H2S04 25V 0.3M 66.3 nm 24 nm 12% 31

(COOH);, 40V 0.3M 105 nm 31nm 8% 31

H3PO, 195V 0.1M 501 nm 158.4 nm 9% 31

Citric Acid 240V 2M 600 nm 180 nm 10.0% 61

Table 3: Some of the parameter in which the optimum porosity is around

Modification Method Comments

Chemical Method Introduce functional groups by chemical mainly oxidative surface
treatment

Plasma Treatment By using plasma with oxygen

Grafting Polymer UV and ionization radiation of membrane surface for monomer
grating

Coating Deposition of hydrophilic or biocompatible materials, not very
stable

Molecular self Assembly or Layer by layer LBL Assembly through chemical synthesis at the interface

(LBL)

Casting Ultra thin barrier or lamination Deposition of gold, silver , copper, nickel& other materials in ultra
thin layer

Table 4: Types of Modification Method

Figure 5 : (a) llustration of honey-comb structure; SEM images of anodic porous alumina substrate before and
after gold-coating of 25 nm are shown in figures (b) and (c), respectively.
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Figure: 6 Surface modification of APA. Examples of monolayer types that can be formed on APA, resulting
from the adsorption of: a. Carboxylic acids, b. phosphonic acids, and c. organosilanes.
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Figure : 7 (a) Raman spectrum of cresyl violet deposited on Si substrate, showing high fluorescence background
in the range of 400-1550. Molecular structure and optical absorption spectrum of CV are shown in the inset of
the same figure (b) SERS spectrum of CV is also illustrated, showing the CV spectrum due to an efficient
fluorescence quenching by honey-comb structure. AUAPA SERS background spectrum and Raman spectrum of
CV, deposited on flat Au surface, are shown in the inset of figure (c) SERS and Raman spectrum of glycin (an
amino acid).
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Figure : 8 Biomedical applications of nanoporous alumina
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Figure 10: A plan design of nanoscale pores functionalized using responsive polymers for smart drug delivery.
(Reproduce with permission from Ref. [Nanoporous Materials for Biomedical Devices, Biological material

science JOM « March 2008 Shashishekar P. Adiga ]

in silicon diameters from 25 to 100 nm

Cell Type APA nanopore geometry Cell growth promoting coating | References
Rat pheochrocytoma (PC12) 1. Commerical APA membranes(Anodisc | Self-assembled monolayer 35
Whatman International Ltd) with pore cysteamine and poly-L-lysine
diameters around 200 nm
2. Gold coating of 50 nm
Primary hippocampal neurons | Customised APA membranes N-(-2-aminoethyl)-3- 36
1.Pitch sizes from 60-450 nm aminopropyltrimethoxysilane
2.Pore depth varying from flat to
nanoporous substrates
Primary rat embryonic Customized APA nanopores: 1.Polysine for rat neurons 37
cortical neurons and looracic 1. Interpore distances of 20 to 300 nm 2.Concanvalin A for insect
gaglia neurons 2.Porosity upto 40% neurons
Mammalian neuronal cells Customised alumina nanopores on CMOS | N/A 38,39
(NG108-15) electrodes, produced with two-step
anodisation pitch sizes of 17 to 206 nm
Primary hippocampal neuron Customized APA membranes embedded Poly-L-lysine 40

Table 5 : Overview of the Neuronal cell cultured on nanoporous APA substrates with versatile geometries

www.iosrjournals.org

34 | Page




