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Abstract: In this study we determine the elastic and hardness properties of electrochemically
engineered porous anodic aluminium oxide (AAO) membranes and AAO membranes infiltrated with
Poly (2-hydroxyethylmethacrylate) to form a unique biologically compatible AAO/polymer
composite. The electrochemically-synthesised membranes have a nanometre scale porous oxide
structure with a mean pore diameter of 100 nm. The membranes were characterized using field
emission scanning electron microscopy before and after polymer infiltration. The polymer treated
and untreated membranes were then examined using the nano-indentation technique to measure the

hardness and subsequently determine the membrane elasticity.
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1. Introduction

The nanometre scale porous structure formed during the anodization of aluminium metal in
certain acidic media is chemically stable, electrically insulating, optically semi-transparent, bio-inert

and biocompatible material. Formation of this porous oxide layer is controlled by macroscopic
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parameters such as voltage, acid type, acid concentration and temperature [1, 2]. Using a two-step
anodization process developed by Masuda et al. it is possible to produce regular, self-organized and
highly ordered nanometre scale features that enables these porous membranes to be used as
templates [3, 4]. The two-step technique and the electro-chemical parameters used during the
fabrication of anodic aluminium oxide (AAO) membranes makes it possible to control a number of
surface features such as pore size, pore density and inter-pore distances. In the case of pore size, pore
diameter can be adjusted over a wide size range starting from 5 nm up to a maximum of 10 um [5, 6].
Many researchers have used AAO membrane templates for the manufacture of a one-dimensional
(1-D) nanometre scale structure such as nano-wires, nano-rods and nano-tubes within the pore
channels [7-10]. Once the 1-D nanostructures are formed within the pore channel, the AAO template
is dissolved using an acid such as H3POj, or a base such as NaOH. After AAO membrane dissolution,
the nano-structures are liberated from the template [11, 12, 13]. Wang et al. recently demonstrated an
alternative template-based technique that used highly ordered nano-structured PLGA scaffolds for
potential tissue engineering applications [14]. Despite the advantages offered by AAO membranes in
terms of template manufacturing and potential tissue engineering applications, it tends to be brittle
and fragile. This study, for the first time integrates poly (2-hydroyethylmethacrylate) (pHEMA) into
the nano-porous structure of AAO membranes to create a novel biocompatible composite material
that improves the mechanical properties of the unprocessed AAO membranes.

From a tissue-engineering point of view, any material under consideration for potential tissue
engineering applications must be highly biocompatible. PHEMA is a hydrophilic hydrogel that has a
three dimensional cross-linked polymeric structure that is able to swell in an aqueous environment
without dissolving. And because of its biocompatibility and lack of toxicity [15, 16] it has been used
in a number of biomedical applications such as contact lens, cardiovascular implants and soft tissue
replacements [17, 18]. In terms of soft tissue replacement and repair, several studies have shown the
enhanced bioactivity of pHEMA can promote cell adhesion, cell growth and protein
adsorption [19-23]. In addition, a number of studies have shown that pHEMA can be used to control
the release of pharmaceuticals [24-25]. Despite pHEMA’s advantageous properties and capabilities,
it lacks the mechanical strength and stability needed to provide a resilient scaffold structure in many
tissue-engineered applications. By combining the hard, but brittle AAO membrane with the
mechanically compliant pHEMA, the resulting biocompatible composite will have mechanical
properties that are superior to its individual components. In this study the composites were formed
using a solution template wetting technique. Solution template wetting is an established technique for
producing one-dimensional polymeric nano-structures. The technique is straightforward, cost
effective and is capable of producing uniform nano-structures such as nano-tubes, nano-rods and
nano-fibres [26, 27]. AAO membranes are high energy porous materials with a high surface tension,
which makes them susceptible to wetting by almost all low energy liquids such as polymer melts.
Therefore, the immersion of an AAO membrane into a polymer/solvent mixture results in the

infiltration of the mixture into the nano-channelled oxide structure. Within the nano-channels,
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capillary action forces the pHEMA solution to spread evenly and wet the inside walls. As the solvent
evaporates, a thin layer of pHEMA is deposited onto the wall of the nano-channel. Short infiltration
times produce nano-tube formation. However, longer infiltration times result in wall thickening that
ultimately leads to convergence and the formation of nano-rods [28, 29]. The parameters that control
nano-structure formation and morphology in the nano-channels during infiltration are unclear.
However, the formation of nanometre scale structures during infiltration are believed to be dependent
on several factors: 1) polymer molecular weight; 2) polymer concentration; 3) solvent and separation;
4) capillary flow; 5) infiltration at the pore wall, and 6) pore size.

In this study, the solution template wetting technique was used to infiltrate AAO membranes
with pHEMA to form a novel AAO/polymer composite. In-house AAO membranes and
commercially available membranes (supplied by Whatman® Anodisc 25, 0.1 um) were used as the
porous ceramic component of the respective polymer composites [30]. Both membrane types had a
mean pore diameter of 100 nm, but had different inter-pore spacing and surface roughness. The
structure and surface topography of both membrane types and the degree of pHEMA infiltration was
examined using Field Emission Scanning Electron Microscopy (FESEM). The hardness of both
membrane types and their respective composites was measured using a nano-indentation technique.
Data from the nano-indentation study was used to determine the elastic modulus for each of the

samples.
2. Materials and methods
2.1. Materials

All chemicals were purchased from Sigma-Aldrich (Castle Hill: NSW, Australia) and used
without further purification. Milli-Q® water (18.3 MQ cm™) was used in all aqueous solution
preparations and was produced from a Barnstead Ultrapure Water System D11931 (Thermo
Scientific, Dubuque, [A). The 99.99% pure aluminium foil (0.25 mm thick) used to synthesize the in-
house AAO membranes were supplied by Alfa Aesar (USA). The Anodisc membranes (diameter 25

mm, pore size 0.1 um) used for comparative purposes were supplied by Whatman® Anopore (UK).
2.2. Fabrication of in-house nano-porous AAO membranes

Fabrication of the in-house membranes begins with a 100 mm square Aluminium (Al) sheet
being cut into 50 mm x 20 mm strips. The strips were placed into a tube furnace and annealed in a
nitrogen atmosphere at 500 °C for 5 hours to initiate re-crystallisation and release any mechanical
stresses in the strips. After annealing, the strips were washed in acetone, dried and then etched in a
3.0 M sodium hydroxide solution for 5 minutes. The strips were then thoroughly washed in Milli-Q®

water and then dried before a thin layer of polymer was applied to one side of the strip. Once the
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polymer coating had set, the strip was ready for the first step of the two-step anodization procedure.
During the first step, each strip was anodized in an electrolyte solution consisting of 0.3 M oxalic
acid for 5 hours at 60 V. The oxide layer formed on the non-polymer coated side of the strip at the
end of the first step was removed from the substrate by immersion in a stirred acidic solution
composed of phosphoric and chromic acid (70 mL/L and 20 g/L, respectively) at 60 °C for 1 hour.
This is an important stage in the process, since it removes the oxide layer and exposes a highly
randomised and indented Al substrate surface. The indentations in the substrate surface form the
initiation sites for pores formed during the second anodization step [1, 31]. The second anodization
step was performed under the same experimental conditions as in the first step, except that the
anodization period is only 3 hours long. During the second step, a regular, array of nanometre-sized
pores are formed across the whole surface of the oxide layer. At the end of the second anodization
step, the pores were widened by chemical etching the strip in a 5% solution of phosphoric acid at
35 °C for 15 minutes. Then a thin layer of Acrifix 192 was applied to the anodized side of the strip.
The protective layer serves as a physical support for the membrane during the removal of the Al
substrate. The substrate was removed by immersing the strip into an acidic solution composed of 0.1
M copper chloride and 7% hydrochloric acid. Following the removal of the Al substrate, the
membrane was immersed a 0.3 M solution of phosphoric acid to remove the barrier layer. The acid
etching results in the dissolution of the barrier layer and the acrylic support, and leaves an off white
coloured oxide membrane. The final stage in producing an AAO membrane is sterilization. During
this stage the membrane is immersed in a 30% solution of hydrogen peroxide at 60 °C for 15 minutes.
This was followed by dipping the membrane into a solution of Milli-Q® water for 10 seconds to
remove any residual hydrogen peroxide and exposing the membrane to ultraviolet light for 2 h. The
membrane was then placed into airtight containers, wrapped in Al foil and stored for future use.
Figure 1(a) presents a FESEM micrograph of a typical AAO membrane fabricated in-house using the

two-step anodization procedure.
2.3. Fabrication of anodic aluminium oxide membranes AAO/pHEMA composite

Poly (2-hydroxyethylmethacrylate) (pHEMA) was commercially obtained from Sigma® (USA).
The pHEMA/in-house AAO membrane and the pHEMA/ Whatman® Anodisc membrane composites
were prepared by using a dip-coater (Dip Coater TLO.01, MTI Corporation, USA). Initially, all
membranes were pre-soaked in sodium dodecyl sulphate (SDS) for 1 h. Each membrane was
systematically immersed into a solution composed of 1% w/v pHEMA dissolved in a solvent
composed of 50% ethanol and 50% MilliQ® water by weight. The membranes were soaked in the
polymer/solvent for 1 h before being removed vertically from the solution at a speed of 50 mm/min.
Following this procedure, the samples were placed into a vacuum oven (Napco® 5831 E series,
USA), which was then pumped down to 85 kPa and set to a temperature of 70 °C. The oven operated

in this mode for 2 h, during which time the solvent was completely evaporated. At the end of the 2 h

AIMS Materials Science Volume 1, Issue 3, 159-173.



163

period, the oven heating system was turned off and the membranes cooled down to room temperature.
The following day the membranes were removed from the vacuum oven and stored in air tight

containers ready for characterisation and analysis.
2.4. Characterization
2.4.1. Field emission scanning electron microscopy

The in-house AAO membranes and Whatmann® Anodisc membranes were examined using field
emission scanning electron microscopy (FESEM) technique. The FESEM micrographs were taken
using a Zeiss Neon 40EsB FIBSEM (Carl Zeiss, Oberkochen, Germany) located at the Centre for
Materials Research (CMR) at Curtin University of Technology. The field emission electron gun
provided both high brightness and high resolution (0.8 nm). Micrographs were taken at various
magnifications ranging from 2 to 5 kV using the SE2 and InLens detectors. Samples were mounted
on individual substrate holders using carbon adhesive tape before being sputter coated with a 2 nm
layer of platinum to prevent charge build up using a Cressington 208HR High Resolution Sputter
coater.

2.4.2. Hardness and modulus of elasticity determination via nano-indentation

Nano-indentation is similar to conventional indentation techniques used to measure hardness.
The hardness is determined from the residual indented area left after pressing a very hard tip (i.e.
diamond) into the surface of a sample. During the procedure the area of the indentation is measured
and the maximum load applied recorded [32, 33]. The hardness (H) is defined by the maximum load
(Pnax) divided by the indentation area (4,) and is expressed by equation (1).

H = Puax / Ar (1)

Nano-indentation measurements were carried using an Ultra-Micro Indentation System 2000
(CSIRO, Sydney, Australia) equipped with a spherical indenter probe (5 um radius). The testing
procedure consisted of each membrane receiving 15 indentations randomly placed over the surface.
The distribution of indentations insured that a mean value of hardness for each membrane could be
achieved. In each case a peak probe load of 2 mN was applied to produce the test indentation. The
probe was pressed into the membrane surface under the instruments load-control function. During
the loading-unloading cycle, the load and displacement data was continuously monitored and
recorded. The data values were then used to generate a load-displacement curve. The instruments
software was then used to calculate the hardness and elastic modulus from the point of maximum

load that occurred in the load-displacement curve.
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2.4.3. Determination of characteristic surface features and statistical analysis

The frequency and size of surface features such as pore diameter, pore density and inter-pore
distance were determined by counting and physically measuring the size of the features found within
10 randomly selected 1 um square grids. The grid pattern was overlaid on FESEM micrographs
taken of respective membrane and polymer composite surfaces. From this analysis the mean +
standard deviation of each surface feature was calculated. A similar technique was used to determine
the thickness of the membranes, pore channel uniformity, polymer surface layer thickness, nano-rod
geometry and nano-rod infiltration into the pore channels. Cross-section measurements consisted of
10 randomly selected locations being analysed on FESEM images taken of membrane and composite

cross-sections.
3. Results and discussions

The results of the FESEM study of the two membrane types have revealed two different surface
terrains. The in-house AAO membranes were found to have a surface architecture that was ordered
with an array of uniformly sized pores. Pore ordering could clearly be seen across the undulating
landscape as seen in Figure 1(a). The study revealed a pore density of 53 + 3 pores/um” (mean =+ std),
with a pore diameter of 104 + 12 nm and an inter-pore distance of 150 £ 14 nm. The second
membrane type used in this study for comparative purposes was the commercially available
Whatman® Anopore (Anodisc) membrane. The Anodisc membrane is composed of a high purity
porous alumina matrix. The pores present in this matrix are circular in shape with a mean pore
diameter of 120 = 45 nm. While the estimated inter-pore distance of around 0.32 pm was determined
from pore density measurements. Analysis of the FESEM micrographs revealed that the in-house
membranes had a fairly consistent thickness of around 40 um, while the Anodisc membranes were
typically around 60 um in thickness. Furthermore, the pore wall thickness in the Anodisc membranes
was not consistent across the surface, with numerous rough edges protruding up from the surface as
seen in Figure 1(b). Overall, the landscape of the Anodisc membranes was found to be very rough
compared to those of the in-house membrane, which tended to have smooth, undulating nanometre

scale topography.
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Figure 1. FESEM micrographs of (a) in-house electrochemically synthesized AAO

membrane and (b) Whatman® Anopore (Anodisc) membrane.

The solution template wetting technique was used to infiltrate both membrane types. After 1 h
of immersion in the pHEMA-solvent, it was found that pHEMA not only wetted the surface of the
membranes but also infiltrated into the nano-porous structure of both membrane types. Figure 2(a)
presents a FESEM micrograph of an Anodisc membrane after 1 h of immersion in the pHEMA-
solvent solution. For comparative purposes the left hand side of the Anodisc membrane was not
immersed. Between the dipped and non-dipped portions of the membrane is a region of partial
infiltration. In this region there are a number of pores which are either partially filled or not filled as
indicated by the red arrows in Figure 2(a). The enlarged micrograph presented in Figure 2(b)
highlights a number of pores not filled in the partial infiltration region. Inspection of Figure 2(b)
reveals that the vast majority of pores are filled with pHEMA, but many of the rough wall edges are
still visible. FESEM analysis of membrane cross-sections revealed that the thickness of the pHEMA
surface coating ranged from around 50 nm up to 300 nm and was found to be dependent on the

underlining surface topography.
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Figure 2. Immersion of a Whatman® Anodisc membrane for 1 h: (a) Partial

immersion of membrane resulting in complete infiltration of pHEMA in the
immersion zone; (b) a typical enlarged view of the partial infiltration region
showing a number of pores not filled.

The results obtained from solution wetting of in-house AAO membrane were similar to those of
the Anodisc membranes. The structure morphology formed within the pore channels of both
membrane types was predominantly rod like. Figure 3(a) presents an FESEM micrograph showing a
typical landscape view of an in-house AAO membrane after pHEMA infiltration. An interesting
feature seen in the infiltrated in-house membranes is the presence of a small number of partially
filled pores. The enlarged micrographs presented in Figures 3(b) and (c) reveal the structure within
the partially filled pores. Both micrographs reveal the formation of nanometre-sized tubes. Red
arrows in both micrographs indicate the partially filled pore channels. The presence of the partially
filled membrane suggests that during the immersion period polymer layers were slowly deposited on
the channel walls. The presence of a small number of partially filled channels suggests that a longer
infiltration time would result in complete convergence of the pHEMA layers and form a pHEMA
nano-rod. Studies by Schlitt et al. revealed that the polymer molecular weight, concentration and
solvent type can have a significant influence on the morphology of nanometre structures formed
within pore channels [34]. The results of their study also suggested that nanometre scale polymer
rods could be formed with molecular weights below 7,000 g/mol. Molecular weights between 17,000
and 75,000 g/mol predominantly produced nanometre scale tubes and above 75,000 g/mol only
nanometre scale tubes could be formed [34].

AIMS Materials Science Volume 1, Issue 3, 159-173.
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Figure 3. In-house synthesised AAO membrane: (a) Overview of a AAO membrane

infiltrated by pHEMA; (b) enlarged view showing the presence of small numbers of
nanometre sized hollow structures being formed; (c) detailed view of incompletely
formed nanometre sized rods; and (d) pHEMA surface layer and nano-rods lifted

out of membrane channels.

Similar studies by Feng and Jin, also found that nanometre scale polystyrene rods could be
formed during a 24 h infiltration period with molecular weights ranging from 5,200 g/mol to
650,000 g/mol [35]. Their investigation also found that low concentrations of polystyrene (usually
between 20 to 40 mg/mL), could infiltration and fill the template. At higher concentrations (typically
around 150 mg/mL), they found elongated tube-like structures being formed. The results of Feng and
Jin are in direct contrast to those of Pasquali et al. In Pasquali et al. study, a 1% wt polystyrene
solution was used to infiltrate a template over a varying single infiltration period ranging from 30 s
to 24 h. Templates were completely filled with polystyrene to form rods for molecular weights
ranging from 4,000 g/mol to 10,000 g/mol for all infiltration times. Templates were partially filled
with polystyrene to form tubes for molecular weights between 18,100 g/mol and 973,000 g/mol for
infiltration times ranging from 30 s to 12 h. However, after 12 h all templates were completely filled

to form nanometre scale rods [28].
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The polymer infiltration results of this study using pHEMA tend to follow the results reported
by Pasquali et al. [28]. Namely, low concentrations of pHEMA were able to infiltrate and form
nanometre scale rods within the pore channels. Figure 3(d) presents an FESEM micrograph of a
pHEMA surface coating partially lifted off the underlining in-house membrane. From the micrograph
the surface layer was estimated to be 350 nm thick and was firmly attached to the underlining rods
that had formed in the pore channels. Analysis of micrographs taken of various membrane cross-
sections revealed that the diameter of the nano-rods ranged from 60 to 90 nm and the rod generally
filled the full length of the pore channel (40 um). The difference in experimental results reported by
Feng and Jin [35] and Pasquali et al. [28] may be due in part to the different experimental procedure
and infiltration techniques used. The present study has revealed that a pHEMA/solvent solution was
capable of infiltrating a nanometre scale pore channel structure. Then deposit and accumulate
pHEMA on the channel walls. Pre-soaking the membranes in a solution of SDS surfactant for 1 h
prior to infiltration was found to promote infiltration of the pHEMA-solvent solution in the
subsequent dipping procedure. After the 1 h infiltration period, the vast majority of pore channels
were filled forming solid rod-like structures. The number of partially formed rods in the pore
channels was less than 3% of the total number of pores. The presence of a small number of partially
formed rods or nano-tubes in both the in-house and the Anodisc membranes suggest that the
infiltration technique used could be the principal factor in influencing the formation of a nano-rod or
nano-tube. However, further work is needed to completely investigate the effects of the present
solution template wetting technique. For example, examining the influence of molecular weight and
pHEMA concentrations used during the dipping procedure. In addition, further work is needed to
investigate the biocompatibility of the composite membranes, the influence of surface topography
and the influence of partially filled pores on various cell lines.

In the second stage of this study involved determining the elastic and hardness properties of the
various membranes and composites. The nano-indentation technique was used to measure the
hardness of the membranes and composites [32]. Figure 4 presents the graphical results of the
hardness testing procedure, with Figure 4 (a) presenting the respective membrane responses to the
various loading and unloading cycles of the nano-indention process [33, 36]. The data produced
during the testing procedure was used to determine the hardness values for the respective membranes
and composites. The maximum indentation depth produced by the nano-indenter in the respective
membranes and composites ranged from 0.131 um to a maximum of 0.163 um under a maximum
indenter load of 2 mN.
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Figure 4. (a) Load displacement (P-h) curve of test membranes; (b) Calculated
hardness values of test membranes.

The results of hardness testing revealed that the in-house AAO membrane had a hardness value
of 3.81 = 0.2 GPa, while the commercially available AAO membrane (Anodisc) was 0.88 GPa lower,
with a hardness value of 2.93 £ 0.2 GPa. The incorporation of pHEMA into the nano-porous
structure of both membrane types resulted in an improvement in the hardness value for both types as
seen in Figure 4 (b). The in-house AAO membrane based composite was found to have a hardness
value of 4.88 + 0.3 GPa, which equates to an improvement in the hardness value of 28% compared to
the non-polymer composite membrane. However, in the case of the Anodisc/pHEMA composite the
hardness value increased marginally from 2.93 £ 0.19 GPa up to 3.03 = 0.19 GPa, an increase of only
3.4%.

A similar trend was also seen in the calculated elastic modules derived from the respective load
displacement curves for each membrane. The elastic modulus of the in-house AAO and Anodisc
membranes was calculated to be 79.89 + 3.8 GPa and 123.75 £ 7.2 GPa respectively, and is
presented graphically in Figure 5. Both values are reflective of the mechanical nature of the
membranes. For example, the in-house AAO membrane tends to be brittle and fractures easily. The
test results indicate incorporation of pHEMA into the nano-porous structure improves the elasticity
of both membrane types. The elastic modulus of the in-house AAO/pHEMA composite was
significantly greater, with a calculated value of 95.15 + 3.0 GPa compared to non-polymer
membrane whose value was only 79.89 + 3.8 GPa. This result equates to an improved in membrane
elasticity of 19.1%. On the other hand, the calculated elastic modulus for the Anodisc membrane was
found to be 123.75 + 7.2 GPa, while the AAO/pHEMA was only 125.62 + 6.8 GPa. The small

increase in elasticity for the Anodisc/pHEMA composite reflected an improvement of only 1.5%.
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Figure 5. The calculated elastic modulus for test membranes.

The improvement in hardness of 3.4% and the enhancement of 1.5% in the elastic modulus of
the Anodisc/pHEMA membrane reflected only a marginal improvement in the mechanical properties.
Furthermore, if we take into account the standard deviation of the measurements, the improvement in
the hardness and elastic modulus is negligible. However, this was not the case for the in-house
AAO/pHEMA composite. In this case there was a significant improvement in hardness of around
28%, while the enhancement in the elastic modulus was found to be 19%. A major factor that
contributed to the enhanced hardness and elastic modulus of the in-house AAO/pHEMA composite
was the well developed, smooth and consistent pore channels in the membrane. This architecture
provided large active surfaces which were capable of promoting strong interfacial adhesion between
the nano-porous structure of the membrane and the infiltrated pHEMA matrix. In the case of the
Anodisc/pHEMA composite, the pore channels were less consistent and provided fewer active
surfaces capable of providing adequate adhesion sites. In addition, the very rough surface of the
Anodisc membrane prevents the formation of a smooth intact pHEMA surface layer. This rough
terrain can be seen in Figure 2 (b), which clearly shows the irregular pore wall structure protruding
through the thin pHEMA surface covering. Overall, the hardness and elastic modulus of the in-house
AAO membrane has been significantly improved by the incorporation of pHEMA into the nano-
porous structure. In the case of the AAO/pHEMA composite, incorporation of pHEMA made the

membrane less brittle and more resilient during handling.
4. Conclusion
The present study has successfully demonstrated that an in-house nano-porous AAO membrane

and a commercially available AAO membrane can be successfully infiltrated by Poly (2-

hydroxyethylmethacrylate) to form a unique AAO/polymer composite. Characterization studies have
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revealed that the polymer infiltrates the nanometre scale porous structure to form a composite
membrane with improved hardness and elasticity. The most significant improvement in both
hardness and elasticity was seen in the in-house AAO membranes, with improvements in hardness
and elasticity of around 28% and 19% respectively. Significant improvements in hardness and elastic
modulus seen in the in-house AAO membranes make it more robust by reducing the effects of its
brittle nature. However, further studies are needed to quantify the effects of varying the membrane
pore size, membrane surface topography and surface chemistry. In addition, further work is needed
to elucidate the biological compatibility, the influence of surface chemistry and surface topography

on various cell lines.
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