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Abstract: Tissue engineering is a multidisciplinary field that can directly benefit from the many 

advancements in nanotechnology and nanoscience. This article reviews a novel biocompat-

ible anodic aluminum oxide (AAO, alumina) membrane in terms of tissue engineering. Cells 

respond and interact with their natural environment, the extracellular matrix, and the landscape 

of the substrate. The interaction with the topographical features of the landscape occurs both 

in the micrometer and nanoscales. If all these parameters are favorable to the cell, the cell will 

respond in terms of adhesion, proliferation, and migration. The role of the substrate/scaffold is 

crucial in soliciting a favorable response from the cell. The size and type of surface feature can 

directly influence the response and behavior of the cell. In the case of using an AAO membrane, 

the surface features and porosity of the membrane can be dictated at the nanoscale during the 

manufacturing stage. This is achieved by using general laboratory equipment to perform a rela-

tively straightforward electrochemical process. During this technique, changing the operational 

parameters of the process directly controls the nanoscale features produced. For example, the 

pore size, pore density, and, hence, density can be effectively controlled during the synthesis of 

the AAO membrane. In addition, being able to control the pore size and porosity of a biomaterial 

such as AAO significantly broadens its application in tissue engineering.
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Introduction
The last two decades have seen a remarkable eruption of fundamental research into 

nanotechnology and nanoscience. Current research in material science, engineering, 

biotechnology, and biomedical fields has clearly demonstrated the many possible appli-

cations of nanotechnology.1,2 The foundation of this research exploration is based on 

the fact that nanoscale matter can have significantly different properties than its bulk 

counterparts.3,4 The discovery and investigation of these unknown properties, using 

new advanced characterization techniques, should provide detailed information that 

can be used to develop many new nanoderived applications. These new characterization 

techniques have come about from the development of the atomic force microscope 

and the scanning tunneling microscope (scanning probe microscopy5) in the 1980s. 

Both these devices have allowed researchers to delve and map the properties of these 

newly created nanomaterials. In addition, as the knowledge base in nanotechnology and 

nanoscience increases, it will create opportunities to develop these new nanomaterials 

to their full potential. These new developments will create many varied applications and 

will also generate new superior tools to assist in current therapies as well as provide 

the foundations for new avenues of biomedical intervention in the near future.

N
an

ot
ec

hn
ol

og
y,

 S
ci

en
ce

 a
nd

 A
pp

lic
at

io
ns

 d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

www.dovepress.com
www.dovepress.com
www.dovepress.com
mailto:g.poinern@murdoch.edu.au


Nanotechnology, Science and Applications 2011:4submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

12

Poinern et al

To date, there are numerous processing techniques 

 capable of manufacturing nanomaterials, but recent stud-

ies have focused on refining these processes to produce 

new nanoscale materials. Processes such as chemical 

vapor deposition to produce carbon nanotubes and carbon 

nanostructures,6,7 ultrasonic methods to produce nanohy-

droxyapatite crystals for biomedical applications,8,9 and the 

wet sol-gel synthesis method of creating iron oxide (Fe
2
O

3
) 

nanoparticles10,11 are a few techniques that are currently 

being investigated and refined to produce high-quality 

nanomaterials. The most attractive feature of nanotechnol-

ogy is in developing new manufacturing techniques that can 

give researchers far greater control over the polydiversity, 

phase, crystalline structure, typography, and quality of the 

nanomaterials produced.

While cells are generally in the micrometer-size range, 

their component structures and associated environment are 

generally in the nanometer to submicrometer range. Indeed, 

the molecular building blocks of life: proteins, carbohy-

drates, nucleic acids, and lipids, are all nanosized structures. 

 Importantly, the interaction between the cell and nanostruc-

tures such as proteins are crucial for controlling cell functions 

such as proliferation, migration, and the production of the 

extracellular matrix (ECM)12 (Figure 1). Furthermore, the 

physical structure and chemistry of the nanostructure directly 

influence the behavior of the cell in contact with the surface. 

For example, how the surface influences the adhesive attach-

ment of the cell to the surface and its subsequent influence on 

the proliferation of anchorage-dependent cells is still to be 

determined. It should also be mentioned that the adsorption 

of proteins by the surface nanostructures is highly dependent 

on the nature of the surface; for example, surface charge, sur-

face chemistry,13 wettability,14 surface density of cell-binding 

ligands,15 and nanotopography16 play an important role in 

cell–substrate interaction. For example, current research in 

the use of bioimplant materials by Yao et al have shown that 

nanometer topography enhances the adhesion of osteoblast 

cells onto Ti
6
 Al

4
V and anodized Ti surfaces.17,18 However, 

studies by Webster et al have revealed an enhanced function 

of osteoblast cells attaching to nanoceramic  materials.19 

This review focuses on the significance of using a novel 

biocompatible anodic aluminum oxide (AAO) membrane 

as a nanoscaffold for promoting cellular growth for tissue 

engineering applications.

Tissue engineering
The field of tissue engineering came into existence during 

the mid-1980s. Its creation resulted from the convergence 

of several scientific and technological fields to address the 

high demands for regenerated tissues. The primary function 

of tissue engineering is to recreate the appropriate signals 

to cells that promote biological processes, which can then 

create new and/or repair damaged tissues by rational design. 

According to Langer and Vacanti,20 tissue engineering is a 

highly interdisciplinary field that applies the principles of 

engineering and life sciences toward the development of 

biological alternatives that restore, maintain, or improve 

tissue function.

A major function of tissue engineering is to create an 

environment that can promote productive and efficient cel-

lular activity; however, this environment is influenced by a 

number of tissue-dependent factors. The work of Yang et al 

has shown that tissue engineering is composed of four key 

factors: 1) cells, 2) scaffolds, 3) bioreactors, and 4) signals.21 

It should be noted that an exhaustive examination of these key 

factors is required to achieve the most appropriate contribu-

tion from each step for the particular tissue being addressed. 

In effect, determining, developing, and instituting the most 

appropriate environment which will provide the optimum 

conditions for tissue regeneration. The first step involves 

the harvesting of appropriate cells from donor sites and the 

subsequent seeding of these cells onto an appropriate  scaffold 

that is contained within a suitable growing medium. The 

scaffold structure promotes cell and tissue development by 

providing a three-dimensional (3D) environment, where the 

cells can attach and proliferate.22 Apart from being 3D, the 

scaffold should be highly porous to allow for the diffusion 

of nutrients, oxygen, and waste products and also be made 

from biocompatible degradable nontoxic material.23 This is 

where nanotechnology can have a significant role to play. 

This is because nanotechnology permits the individual-

ized creation of a scaffold structure that can be specifically 

designed for the particular tissue type and can be enhanced to 

provide the maximized environmental conditions for optimal 

cellular growth.

Growth factor

Extracellular matrix

Cell differentiation Cell proliferation

Figure 1 Schematic representation of the cellular environment with the cells and 
its extracellular matrix.
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Many studies have shown that cells in general tend 

to behave more naturally when they are cultivated in a 

3D-scaffold environment.24 This has resulted in the design 

of 3D scaffolds that incorporate tissue-specific topographical 

and environmental enhancements. For example, cells that 

were cultivated on scaffolds containing 10–100-µm-sized 

ridges and grooves promoted elongated cell growth that was 

orientated in the direction of the surface feature.25 These 

topological features provide contact guidance for the cell, 

which influences the cytoskeletal arrangement and adhesion 

of the cell.26 Similar studies of cultivated cells on scaffolds 

containing arrays of micrometer-sized protrusions have 

promoted cell attachment and reduced cell proliferation.27 

These studies have clearly shown that controlling the sur-

face features of the scaffold in a specific way can directly 

influence cellular adhesion, protein absorption, proliferation, 

and morphology. In addition, cells can also change their 

microenvironments on the scaffold structure by modifying 

the ECM it produces. This can be done by synthesizing or 

degrading the ECM, secreting cytokines, and communicat-

ing with other cells and matrix on the scaffold by molecular 

and physical  signals.28 It is clear that the interaction between 

the individual cells, the ECM, and the nanostructures of the 

scaffold is a dynamic process and is crucial to fully under-

stand the cellular response as a whole in developing suitable 

biomaterials for tissue engineering.

Scaffold materials
The application of biomaterials in tissue engineering for 

tissue repair and regeneration has generally favored bioinert 

materials for permanent bioimplants such as hip replace-

ments. In addition, in the case of scaffolding materials, both 

natural and inorganic, including metal oxides, have been 

investigated. Natural biodegradable materials have been 

extensively studied for possible use in tissue engineering 

since the body’s natural pathways can easily handle the 

breakdown of their by-products. Natural polymers such 

as polysaccharides,29–33 chitosan,34–39 and hyaluronic-based 

derivatives40–43 and protein-based materials such as fibrin 

gel44,45 and collagen46–49 have shown some positive outcomes, 

but on the whole, these polymeric materials lack sufficient 

mechanical strength. On the other hand, inorganic or syn-

thetic biodegradable polymers have been fabricated under 

controlled conditions to produce scaffolds with tunable, 

predictable mechanical and physical properties.

Biopolymers are based on simple, high-purity con-

stituent monomers. These biopolymers have lower toxicity 

 reactions with the body, and their degradation rate can be 

easily  controlled. Examples of bulk biodegradable polymers 

include poly(lactic acid) (PLA),50–55 poly(l-lactic acid) 

(PLLA),48,56–58 poly(lactic-co-glycolic acid) (PLGA),59–62 

polycaprolactone (PCL),57,63–65 and poly(glycolic acid) 

(PGA).66–69 These are generally poly-α-hydroxy esters that 

de-esterify in the body as the polymer degrades to simple 

metabolites.70 Currently available biodegradable sutures in 

clinical use are made from PLA and PGA. In addition, since 

polymers are an effective biocompatible material, they have 

also been extensively investigated for the controlled delivery 

of drugs to specific organs within the body.71–73 Polymers are 

generally strong and can be made into different shapes and 

structures, such as pellets, disks, films, and fibers, as required 

for the specific application. In addition, they can be produced 

with microtypographical surface features that can enhance 

cell interaction with the surface of the scaffold.

Inorganic materials such as bioglass, ceramics, and metal 

oxides have also been investigated for possible use in tissue 

engineering applications. This research stream stems from the 

fact that even though polymers have been successfully used 

in tissue engineering, there are still some unresolved issues 

to be addressed. The first results from the local inflammation 

response to the polymer material, and the second results from 

the uneven degradation of this bioscaffold. However, for soft-

tissue applications such as skeletal muscle, cardiovascular 

tissue, and skin substitutes, polymer scaffolds are superior 

to ceramics and metal oxides. This advantage stems from the 

fact that polymers have close similarity to both the chemi-

cal and the mechanical properties of the natural tissues.74–76 

 Studies using bioactive glass as a scaffold material have 

shown that when the glass material was seeded with osteo-

blasts, there was a positive effect on cellular  proliferation.77 

In addition, metals such as pure tantalum (Ta) have also been 

found to provide a suitable substrate for the adhesion, growth, 

and differentiation of osteoblasts. One novel method of creat-

ing a metallic scaffold using Ta begins with the pyrolysis of 

polyurethane foam.78 The foam turns into a low-density car-

bonaceous skeleton composed of a repeating dodecahedron 

structure that produces an interconnecting array of pores. 

In the next stage, a chemical vapor deposition/infiltration 

technique (CVD/CVI) is used to deposit pure Ta onto the 

carbon skeleton and produce a porous metal  scaffold. The 

structural integrity of the scaffold increases as the deposi-

tion process continues. This deposition also results in a 

crystallographic growth pattern that orientates the Ta layer 

to form a microtextured surface that is similar to cancellous 

bone.79,80 In this technique, changing the characteristics of 

the precursor polymer used and the thickness of the Ta layer 
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deposited onto the carbon skeleton can vary the pore size. For 

orthopedic applications, the thickness of the Ta layer ranges 

from 40 to 60 µm, the pore size ranges from 400 to 600 µm, 

and the resulting porosity of the material varies from 75% 

to 80%. The high porosity and large pore size are ideal for 

deep and extensive vascular tissue penetration. The vascular 

tissue penetration and subsequent growth result in strong 

tissue attachment strengths.81 In addition, image analysis 

of a similar, highly porous alumina ceramic foam metal has 

confirmed the vascular tissue penetration and subsequent 

growth in a similar scaffold structure to that of Ta.82 Fur-

thermore, investigations involving the growth of osteoblasts 

on the surface of metal oxides, such as nanoporous alumina, 

have also shown positive results.83,84 The remainder of this 

review article will focus only on nanoscale structures for 

tissue engineering.

Requirements for a successful  
scaffold structure
The operational demands that are placed on the scaffold 

structure are numerous, and the scaffold must overcome 

many challenges to achieve a successful clinical outcome. 

For example, biocompatibility is crucial so as not to elicit 

any cytotoxicity, immunological reactions, and inflamma-

tion responses from the body.85–87 The scaffold structure 

provides the initial framework onto which the cells can 

attach, proliferate, and differentiate. In this process, the initial 

scaffold mimics the ECM environment, and as the new ECM 

is being created, it will provide integrity to the new tissues 

as the scaffold slowly degrades. The surface chemistry of 

the scaffold material is a critical parameter; this is because 

the scaffold must be chemically compatible with the ECM. 

Since the ECM forms the cell environment, it is desirable 

that the scaffold mimics the ECM as close as possible, and in 

so doing, it will promote cell adhesion, cellular interaction, 

proliferation, and migration.47

In addition, the scaffolding material must be able to 

cope with the mechanical stresses resulting from the growth 

stages as well as prevent any rapid bulk degradation effects 

that might produce voids within the structure. The material 

must also be easily sterilized prior to application without 

any significant changes to its surface chemistry.47,88–91 At the 

molecular level, it is extremely important that the scaffold 

contains a network of pores and interconnecting channels 

to facilitate the diffusion of nutrients, oxygen, metabolites, 

and waste products. The materials used in the construction 

of the scaffold should not be hydrophobic, so the wettability 

of the material must be carefully considered for successful 

cell adhesion and attachment. Kim and Coulombe showed 

that pore size and a high surface area to volume ratio are also 

important parameters in encouraging the growth and penetra-

tion of cells into the structure to form cellular associations.92 

In addition, if the scaffold structure is going to be large, then 

the structure should be designed to contain a life-supporting 

capillary-like network as part of the scaffold. In addition, it 

should be mentioned that the nanotopography of the scaf-

fold structure has also been shown by many to influence 

cell attachment and adhesion, proliferation, and migration. 

A recent investigation by Andersson et al revealed the link 

between epithelial cell attachments to surfaces of similar 

chemistry. Furthermore, the morphology and cell cytokine 

production were strongly dependent on the underlying 

nanotopography.93

Submicro/nanoscaffold fabrication 
techniques
The structure of the ECM is fibrous in nature and has fea-

tures at both the nanoscale and/or the submicrometer level. 

Developing engineering materials that mimic the ECM is the 

goal of many research teams worldwide. In nanotechnology, 

the manufacture of regular nanosized structures by means 

of lithographic techniques has generally required the use of 

expensive ultrahigh vacuum equipment. This top to bottom 

technology has spurred on the miniaturization of electronic 

devices and personal computers for the past three decades. 

There have also been numerous other techniques developed 

over the years, and many of these have been applied to tis-

sue engineering; electron beam lithography has been used to 

produce nanoscale patterns on the surface of several biocom-

patible materials, but the technique is relatively expensive 

and time consuming. Photolithography, X-ray lithography, 

laser ablation, and nanoimprinting lithography have also 

been used. Lithography techniques emboss various patterned 

nanostructures into the surface of the material; this changes 

the topographic features of the surface to solicit a positive 

cellular response. Unfortunately, there have been relatively 

few cell culture studies done on many of these techniques. 

Two recent developments in nanotechnology, of note, to 

produce polymeric nanoscaffolds are the refinement of 

 electrospinning and phase separation techniques.94–97

Originally developed by the textile industry, electrospin-

ning has been used for the past 100 years. Refinements in 

the technique in the last decade have seen it increasingly 

used in the manufacture of nanofibrous polymer scaffolds. 

Membranes of PLA and PLGA, fibroin, and collagen 

have been produced using this technique. Agarwal et al49 
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has  demonstrated that materials manufactured using this 

 technique induce a favorable and conducive response from 

the cells during attachment and subsequent proliferation. 

This nanofibrous electrospun material can be further bioengi-

neered to resemble the ECM at the nanoscale level by coating 

the material with collagen macromolecules. This technique 

is still evolving, and there are still challenges ahead.

Other nanopolymeric substrates have been manufactured 

using phase separation techniques that have produced a thin 

membrane of the desired polymer. Recent developments to 

this technique have produced membranes with nanofeatures 

embedded in the surface to enhance the cell response of 

this material.89,98,99 Investigations by Ma have revealed that 

nanopolymers produced using this technique have a distinct 

advantage in terms of the increased surface area and the 

resulting enhanced 3D connectivity for various cell types in 

tissue engineering applications.71,100

Nanoporous AAO
Aluminum (Al) is a soft, durable, lightweight, and mal-

leable metal and is the most abundant metal in the Earth’s 

crust. It is rather reactive and forms an impervious layer of 

oxide, Al
2
O

3
. Because of the metal’s high strength to weight 

ratio, its use steadily increased during the last century. The 

interest in alumina ceramic as a biomaterial has its origins 

in the 1970s when Hamadouche et al101 successfully used it 

as a clinical hip implant replacement. In recent years, with 

the advent of nanotechnology, the well-established electro-

chemical procedure of Al anodization has been revisited 

and used to manufacture nanoporous Al
2
O

3
 membranes for 

tissue engineering applications. The controlled formation 

of regular pores in the AAO layer ranges from micrometer-

sized holes to the much smaller nanosized holes, both of 

which can be generated without expensive equipment and 

instrumentation. This process is electrochemically driven, 

and a schematic representation of the experimental setup is 

presented in Figure 2. Through the manipulation of param-

eters such as the nature and strength of the acid, the voltage 

applied, and the exposure time of the Al to the electrolyte, 

tunable nanopores can be generated. The advantage of this 

process is that the size of the regular pores can be easily 

controlled at the macroscopic level.

The detailed study of porous alumina started more 

than five decades ago with Keller et al102 in 1953. They 

reported on the detailed structure of the pore, the effect 

of the solvent action of different electrolytes on the oxide 

coating, and the voltage dependence on the pore size (see 

Figure 3). In the early stages of the anodization process, 

Al3+ ions migrate from the metal across the metal/oxide 

interface into the forming oxide layer.110 Meanwhile, O2− 

ions formed from the electrolyte at the oxide/electrolyte 

interface travel into the oxide layer. During this stage, ∼70% 

of the Al3+ ions and the O2− ions contribute to the formation 

of the barrier layer, the remaining Al3+ ions are dissolved 

into the electrolyte.111 This condition has been shown to 

be the prerequisite for porous oxide growth, in which the 

Al–O bonds in the oxide lattice break to release Al3+ ions.112 

During the oxide formation, the barrier layer constantly 

regenerates with further oxide growth and transforms into 

a semispherical oxide layer of constant thickness that forms 

the pore bottom, as shown in Figure 4. The steady-state 

growth results from the balance between the field-enhanced 

oxide dissolution at the oxide/electrolyte interface at the 

base of the hemispherical-shaped pores where the elec-

tric field is high enough to propel the Al3+ ions through 

the barrier layer and the oxide growth at the metal/oxide 

Calibration electrode

DC power supply Instrumentation &
parameter selection

Cooling water outlet

Cooling water
inlet at 5°C

Working electrode

Electrolyte

Stirring bar

Magnetic stirrer

Pt Al

Figure 2 A schematic representation of a typical experimental setup for the 
anodization of aluminum.
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interface resulting from the migration of O2− and OH− ions 

into the pore base oxide layer.113,114 This also explains the 

dependence of the size of the pore diameter to the electric 

field produced by the anodizing voltage. It should also be 

noted that the electric field strength in the pore walls is too 

small to make any significant contribution to the flow of 

ions.115 The oxidation takes place over the entire pore base, 

and the resulting oxide material grows perpendicular to the 

surface, the neighboring pore growth preventing growth in 

any other direction. The vertical growth of the pore wall 

creates a columnar structure with a high aspect ratio that 

contains a central circular channel. This channel extends 

from the base of the pore to the surface of the oxide layer. 

This formation mechanism explains the dependence of pore 

size (Figure 3), porosity and oxide growth rate (Figure 5), 

and interpore distance and pore wall thickness (Figure 6) 

on the applied voltage and electrolyte composition.

Unfortunately, the progress in AAO development slowed 

in the following decade. It was not until 1995, when Masuda 

and Fukuda reported the formation of a highly regular and 

dense honeycomb AAO structure formed by a two-step 

anodization process that a renewed interest in using AAO 

membranes as a template to develop nanostructured materi-

als was vigorously pursued.117 Masuda and Satoh explained 

that the oxide growth of the aluminum substrate caused 

the formation of a nanodimpled landscape, which in turn 

provided an essential template for the second anodization 

step.118 Jessensky et al found that the organized arrange-

ment of neighboring pore in hexagonal arrays are due to 

the repulsive interactions between the pores and the loss of 

Al3+ ions, which is also the prerequisite for porous oxide 

growth.119 The strong interest in understanding the formation 

mechanisms in producing nanoporous AAO continued in the 

new millennium with Wang and Han optimizing the two-step 

anodization process. The optimized process was able to obtain 

highly ordered structures, and the increased exposure time to 

the phosphoric acid affected the pore diameter104 (Figure 7). 

They suggested that this was the result of the etching effect 

of the acid, which caused the thinning of both the outer and 

inner surfaces of the AAO.

Cell response to AAO
There are four fundamental tissue types in the human body: 

the epithelium, which is responsible for absorbing or secret-

ing materials and for protecting tissue surfaces; muscular 

tissue, which is responsible for the movements of body 

organs such as the digestive tract and for skeletal movement; 

the connective tissue, the most widely distributed tissue in 

the body supports and connects other tissues together; and 
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Cell size

Pore size
A B

Figure 7 Porous anodic aluminum oxide structures. A) Idealized schematic representation of the hexagonal cells. B) Actual membrane with nanopores and channels.

finally, nervous tissue, which is capable of receiving stimuli 

and transferring signal and then bringing about a response.

The tissues are composed of individual cells and the 

ECM, and each cell in the tissue structure has adapted to 

undertake specific functions and grouped together with 

other cells to work efficiently for the survival of the tissue/

organ as a whole. Within the tissues, there are numerous 

specialized cell types; these cell types differ from each 

other in nature, the function they perform, and the arrange-

ment of the individual cells and the ECM components. For 

example, fibroblastic, epithelial, and endothelial cells are 

anchorage dependent, which means that they must adhere to 

a proper ECM structure in order to survive. Recent studies 

of fibroblasts, epithelial cells, and smooth muscle cells have 

shown that cell adhesion diminishes as the scaffold softens 

and that the cells would migrate to regions where the scaf-

fold is more rigid.120 In addition, the interactions between 

cells and topographical features at the microsize such as 

pores, posts, embossed patterns, ridges, and grooves have 

been extensively studied.121,122 This article focuses on the 

interaction of several cell types with the nanotopography 

of an AAO substrate. The topography of the substrate in all 

cases directly affects the basic cell functions. The interac-

tion between cell and nanotopography in conjunction with 

the physicochemical properties of the substrate or scaffold 

can induce different effects within a single cell type. These 

effects vary across the cell types, the size of the feature, and 

its geometry. The following sections examine the cellular 

interaction of specific cell types with an AAO substrate being 

used as a scaffold for tissue engineering applications. Some 

cell lines have been investigated to varying degrees, while 

others are yet to be studied.

Osteoblasts for bone tissue replacement
Bone tissue is a 3D organic–inorganic ceramic composite 

matrix composed of collagen fibrils with embedded well-

arrayed nanocrystalline rod-shaped and plate-shaped inor-

ganic calcium phosphate apatite materials of 25–50 nm in 

length.123,124 This composite structural material is capable 

of withstanding compression and tensile loading that 

the skeletal system experiences on a daily basis. Bone tis-

sue engineering procedures have been developed to replace 

and/or regenerate damaged bone tissue. These procedures 

have used a wide variety of materials, which have been 

developed in the past to address particular biofunctionality 

and biocompatibility issues associated with the application. 

There are basically four groups of materials used; these are 

metals, ceramics, polymers, and composites. The ortho-

pedic field generally uses metals such as cobalt–chrome 

steel alloys, stainless steel, titanium, and titanium alloys as 

 bioimplants.125 Ceramics such as aluminum oxide, carbon, 

calcium phosphates apatites, and glass ceramics have been 

used in applications ranging from hip replacements to 

bone cements. Numerous polymers such as poly(ethylene) 

 (usually of high molecular weight), poly(lactides), 

poly(methyl methacrylates), and poly(urethane) have been 

used in applications ranging from dental implants to com-

ponents in joint replacements. Unfortunately, since no one 

material has been able to meet all the biofunctionality and 

biocompatibility issues associated with bone replacement 

and tissue engineering applications, composite materials 

have been developed and used. For example, calcium phos-

phate apatites such as hydroxyapatite are being used to coat 

metal implants in order to make them more biocompatible 

with the  surrounding body tissues.
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At the cellular level, recent investigations into develop-

ing scaffolds with nanotopography for bone and cartilage 

repair or replacement has examined a variety of materials and 

surface features. Scaffolds composed of carbon nanofibers/

polymer composites were investigated by Price et al, and 

their study revealed that nanotopography of the carbon nano-

fibers provided a favorable environment for bone-producing 

cells and promoted osteoblastic adhesion.126 Similar  studies 

with nanofibrous scaffolds created from nanopolymer/

nanohydroxyapatite composites, which resembled the ECM, 

revealed that protein absorption was substantially increased, 

which in turn increased adhesion.127

In terms of AAO membranes and ceramic substrates, the 

interaction of osteoblasts with the ceramic medium has been 

very positive. Investigations by Webster et al have revealed 

that the interaction between osteoblasts and nanoceramic 

materials was substantially enhanced in their 2000 study.19 

In a similar study by Karlsson et al this positive effect could 

be seen in the interaction between nanoporous alumina sheets 

and osteoblasts.128 Their study also suggested that by varying 

the pore size, it could also be possible to control the response 

of species such as proteins from the cell to the coating129 and 

hence be able to influence cellular attachment, differentiation, 

and mineralization taking place. This is an important factor 

when you consider that vascular tissue does not appear to 

penetrate into pores with diameters smaller than 100 µm.130 

The pore size used in the Karlsson et al study was around 

200 nm in diameter, about the same size as the cellular 

 filipodia, thus indicating the nanopore structures were being 

used as anchorage points for the cells.

In addition, Karlsson et al also investigated the reported 

negative effect of Al3+ ions on bone mineralization. The results 

of their study indicated that there was a very small leakage 

of Al3+ ions from the nanoporous alumina to the surrounding 

media. After 9 days, the Al3+ ion leakage had only accounted 

for 0.03% of the original alumina membrane weight.128 The 

following comparative studies undertaken by Karlsson et al 

indicated that this small leakage was far from toxic. In fact, 

the leakage rate was considered to be within the range that 

is normally considered to be beneficial for the stimulation of 

osteoblasts.131 This response has also been investigated by 

other researchers who have found that Al3+ ions tend to stimu-

late the proliferation and  differentiation of osteoblasts.132,133

Furthermore, La Flamme et al have clearly demonstrated 

the biocompatibility of the nanoporous AAO membrane 

for use as a scaffold,134 and Popat et al have demonstrated 

that marrow stromal cells can differentiate on nanoporous 

AAO membranes.84 The porous nature of this membrane 

makes it an almost ‘prefect’ candidate for a scaffold material 

since osteoblasts cells are accustomed to surviving in a largely 

porous environment. This is where the macroscopic manipula-

tion of the pore size of the membrane is critical and can readily 

be adjusted for specific tissue engineering purposes.

Fibroblasts and keratinocytes  
for skin tissue replacement
The skin forms part of the integumentary system of the 

human body and has the important role of protecting the 

internal environment of the body. This protection is essential 

to ward off bacterial, viral, fungal, yeasts, and other patho-

genic agents that are present in the surrounding environment. 

In addition, the skin shields the internal organs from shock 

and physical trauma. The human skin is the largest organ in 

the body; it can be between 10% and 20% of the total body 

weight, and its surface area135 can cover ∼1–2 m2.

The skin is a highly specialized and multilayered organ 

with several important functions. It assists in the generation 

of vitamin D with the assistance of UV rays from the sun, 

and this generates the compound calcitriol, which contributes 

to bone health. The skin also reduces the loss of fluids from 

the body and participates in the homeostatic regulation of the 

body’s temperature with respect to the environment. Other 

homeostatic functions performed are the excretion of excess 

water, salts, urea, and lactic acid by the action of sweat glands, 

which are embedded in the skin.

The three main layers that make up the skin structure 

consist of the epidermis, which is the outermost layer in 

contact with the environment. Next is the dermis, which 

forms the middle layer and is in direct contact with the basal 

layer (or hypodermis), which is the third and innermost of the 

layers (Figure 8). The epidermis is composed of the stratified 
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Sweat gland
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Sweat gland
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Figure 8 Schematic representation of the cross section of the skin. Copyright © 
2011, Fotolia LLC. Reproduced with permission from Skin Anatomy by Andrea 
Danti.
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squamous epithelium, which is replaced every 35–45 days. 

It is made up of five distinct layers; stratum basale, stratum 

spinosum, stratum granulosum, stratum lucidum, and stratum 

corneum. The last layer, which is the outermost and exposed 

to the environment, is largely made up of dead skin cells 

filled with keratin pigment. The epidermal cells consist of 

keratinocytes, stem cells, melanocytes, dendritic cells, and 

Merkel cells. The dermis is made up of two layers; namely, 

the papillary and the reticular layer, both of which form a 

strong flexible gel-like matrix of connective tissue composed 

of elastic reticular fibers and collagen that gives the skin its 

strength and resilience. The dermis also contains many nerves 

and blood and lymph vessels. In addition, the hair follicles 

and sweat glands are also contained within this layer. The 

final layer is the hypodermis or subcutaneous, which is largely 

composed of adipose tissue and connective tissue and anchors 

the skin to underlying tissues. It has two main functions; the 

first is to absorb mechanical shock, and secondly, it act as a 

thermal insulator.46,136,137

There have been extensive studies carried out on 

fibroblast response to a variety of scaffold materials and 

nanotopographics.138–141 These studies have revealed that 

in the majority of cases, adhesion increases as the height 

and area dimensions of the nanofeature decreases. This 

trend is also seen as the morphology and the configura-

tion of the cytoskeleton change. In addition, changing the 

nanotopographic features of the substrate also solicited dif-

ferent cell responses. However, to date, there has been very 

little research carried out that has studied the response of 

 fibroblasts and keratinocytes to AAO membranes.

Due to the high clinical demand for skin repair products, 

tissue engineering techniques have been used to produce 

suitable tissue replacements. The nanoporous AAO mem-

brane has been investigated for possible use as a scaffold for 

 growing replacement skin tissue from cells originally sourced 

from the patient. A recent study by Parkinson et al has shown 

that keratinocytes and fibroblast epidermal cells adhered to 

these nanoporous membranes.142 The study also found that the 

pore size influenced the rate of cell proliferation and migra-

tion. An example of such a nanoporous AAO membrane being 

manufactured for a cell trial is shown in Figure 7.

The AAO membrane, with its nanotopographical features 

selected, is initially seeded with skin cells (keratinocytes and 

fibroblast epidermal cells). These cells are then encouraged to 

proliferate and allowed to form a confluent layer (Figure 9). 

This cellular layer can then be lifted from the AAO and 

applied to the wound bed directly, or it can be added with the 

AAO membrane facing out. A direct advantage of the latter 

 ‘band-aid’ technique is that it would allow the exchange of 

gases/fluids through the nanochannels (breathable) and can, at 

the same time, stop micrometer-sized bacterial infection. Once 

the autologous cells have been incorporated into the wound 

bed, the outer AAO membrane can then be safely removed.

Another advantage of this type of technology for skin 

tissue engineering application is the total absence of animal-

derived feeder layers, which can be expensive and have a 

strict regulatory protocol attached to their implementation. 

In addition, being totally inorganic, this membrane can be 

sterilized more efficiently than its polymeric counterpart. 

In burns trials, this manufactured AAO membrane is about 

50–200 µm thick and is not as rigid as the normal alumina 

ceramic that is used for hard-tissue applications such as bone 

implant. Because of this level of flexibility, this alumina 

membrane can, therefore, be contoured to conform to various 

skin/body shapes.142

Moreover, the research has also shown that keratinocytes 

and fibroblast epidermal cells are sensitive to changes in 

the nanotopography of the AAO membrane. The authors are 

currently investigating further the interactions between the 

cells and the nanoengineered AAO surface.

Hepatocytes
There has been very little tissue engineering research into the 

interaction between hepatocytes and nanotopographical fea-

tures on a substrate surface. Chua et al have shown that there 

was some effect on rat hepatocytes on electrospun polymer 

fibers that formed the scaffold body.143 On the other hand, 

in 2007 Hoess et al were able to use AAO membranes as a 

substrate for the hepatoma cell line HepG2 and demonstrate 

that this cell line adheres and proliferates on the membrane 

homogeneously. They also found that larger pore diameters 
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Remove AAO
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1
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Figure 9 Schematic representation of the anodic aluminum oxide (AAO) membrane 
used as a ‘band-aid technique’ for skin tissue engineering.
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(230 nm) appeared to give a greater opportunity for newly 

seeded HepG2 cells to anchor to the membrane and assisted 

the culture medium to reach all cells on the membrane. 

 Furthermore, it was shown that nanoporous AAO membrane 

could be used as cell culture substrate for further tissue 

 engineering application such as the bioartificial liver.144

Leukocytes
The response of leukocytes and endothelial cells to nano-

topography on polymers has been investigated by Buttiglieri 

et al.145 The study revealed that the response of leukocytes was 

dependent upon the height of the nanoislands with the cell 

adhesion increasing while the height of the island decreased. 

It was also found that leukocytes adhesion was also dependent 

upon the amount of endothelial cell attachment. This study 

also indicated that the changes in the nanotopography (island 

height increasing) increased endothelization, which resulted 

in decreased leukocyte adhesion. In addition, leukocytes were 

found not to respond favorably to nanoengineered gratings. 

Moreover, in the case of an AAO membrane, Karlsson et al 

found that membranes with pore sizes ranging from 20 to 

200 nm could be used beneficially to promote leukocytes 

growth and morphology.83 Since there has been very little 

work done on this cell line on AAO membranes, it would 

be interesting to investigate further the nanotopography of 

the oxide membrane and its possible use as a biomaterial in 

vascular blood-related applications.

epithelial, smooth muscle, endothelial,  
stem, and nerve cells
A recent investigation of epithelial cells by Andersson et al 

has revealed a link between the cells attachment to the 

surface of a substrate with similar chemistry. In addition, 

the  morphology and cytokine production were strongly 

dependent on the underlying nanotopography.93 However, to 

date, there is no definitive relationship established between 

the geometry of the surface features, the dimensions of the 

features, and the cell interaction.

One epithelial cell line that is currently being investigated 

by the authors is the Madin–Darby Canine Kidney. These 

cell cultures on AAO substrates are an ideal way to study 

the adhesion, proliferation, and migration of cells that have 

the potential to be used as a model to study some cellular 

functions of the kidney (Figure 10).

The interaction of both smooth muscle cells and endothe-

lial cells with microtopography and nanotopography features 

on polymer substrate surfaces has been extensively studied. 

Tissue engineering applications of these cell types include 

vascular grafts and bladder replacement implants.146–148 

To date, no research has been done using AAO membranes 

as a scaffold for these types of tissues.

One of the greatest achievements in the past decade has 

been the discovery and the fast tracking of stem cell tech-

nology for numerous applications. Stem cells are immature 

or differentiated cells that are capable of regeneration and 

differentiation into a variety of more specialized cell types 

in response to appropriate signals. These cells have recently 

been recognized as a more suitable alternative to mature 

cells. This is because stem cells can be easily harvested 

from donor sites and cultured into a wide range of tissues. 

These advantages make the stem cell an attractive tool 

for the repair of damaged or defective tissues and organs 

in the body. Currently, they are being used in a variety of 

tissue engineering applications such as bone, cartilage, 

Figure 10 Evidence of adhesion and attachment of Madin–Darby Canine Kidney (MDCK) epithelial cells onto the anodic aluminum oxide membrane made using oxalic acid 
(0.3 M oxalic acid at 60 V for 5 h (first anodization step) and 3 h (second anodization step) at 4°C. A) MDCK epithelial cell with 2-µm scale bar. B) MDCK epithelial cell 
with 1-µm scale bar.
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liver, nerve, and dermal tissues.149–151 The current research 

at this stage does not include the use of AAO substrate 

materials, so there are no data to indicate the possible 

cellular responses to this material, given the array of data 

obtained on AAO. It would be advantageous to investigate 

any interaction between stem cells and various pore sizes 

of the AAO membranes.

There have been investigations into templates and scaf-

folds for neuron tissue engineering using materials such as 

chitosan, but to date, there has been no work carried out using 

AAO as a scaffold or substrate.152

Conclusion
The continuing research into unraveling the complex inter-

action between the cell and its environment, the ECM, and 

the surface features of synthetic scaffold structures holds 

the keys to solving many of the current problems associated 

with tissue engineering and its wider application into the 

biomedical field. Recent developments in nanotechnology 

have enabled the creation of new materials and techniques 

that can be used to mimic the environment of the cell. This 

review presents the results of preliminary investigations 

that were carried out to verify the viability of using AAO, 

a new biocompatible inorganic scaffold material, for tissue 

engineering applications. The manufacture of the AAO 

scaffold material allows the direct control of the nanoscale 

features produced. Being able to control the pore size and 

porosity of the AAO scaffold structure enables the surface 

of material to be tailored to a specific tissue engineering 

application. Initial results have indicated that cell response 

to this material is positive and that the cells adhere to the 

surface, proliferate, and migrate. The surface topography 

of this nanoarchitectured material and pore structure of the 

AAO scaffold appear to actively encourage cellular interac-

tion. Further research is needed to fully examine and exploit 

this novel biocompatible material for the developing field 

of tissue engineering. This article clearly indicates that the 

interdisciplinary field of tissue engineering in combina-

tion with the relatively new field of nanotechnology holds 

the keys to many new and innovative developments in the 

future.
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