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Cells respond to changes in the environment by altering their phenotype. The ability to influence cell behavior by
modifying their environment provides an opportunity for therapeutic application, for example, to promote faster
wound healing in response to skin injury. Here, we have modified the preparation of an aluminium oxide template
to generate large uniform membranes with differing nano-pore sizes. Epidermal cells (keratinocytes) and dermal
cells (fibroblasts) readily adhere to these nanoporous membranes. The pore size appears to influence the rate of cell
proliferation and migration, important aspects of cell behavior during wound healing. The suitability of the
membrane to act as a dressing after a burn injury was assessed in vivo; application of the membrane demonstrated
adherence and conformability to the skin surface of a pig, with no observed degradation or detrimental effect on
the repair. Our results suggest that keratinocytes are sensitive to changes in topography at the nanoscale level and
that this property may be exploited to improve wound repair after tissue injury.

Introduction

THE SKIN IS THE LARGEST organ of the human body,
providing a protective barrier against the environment
and serving several homeostatic and sensory functions vital
to an individual’s well-being. When areas of skin are lost
through trauma, disease, or surgery, the increase in suscep-
tibility to infection, together with the loss of blood, fluid, and
essential salts, creates a need for rapid repair. Although
modern medicine has drastically reduced mortality associ-
ated with significant skin injury, the scars resulting from the
repair process continue to significantly affect the quality of
life of patients after recovery.

Tissue regeneration, rather than enhanced repair, remains
the ultimate goal of wound healing research. However, the
degree of scarring and the quality of the repair depend on the
time taken to heal, with faster healing correlating to im-
proved outcome.! This has led to the development of and
increased interest in tissue engineering technologies that may
provide wound cover in shorter time frames.

Cells respond to changes in their environment by altering
their pheno’fype.y1 Therefore, technologies that enhance the
environment for wound healing are critical to reducing scar
formation and improving outcome. Several approaches to
wound environment optimization have already been used in
the wound healing field.® For example, dermal scaffolds such

as Integra (Integra Life Sciences, Plainsboro, NJ) and Apligraf
(Organogenesis, Canton, MA) are thought to provide ap-
propriate topography and matrix properties to promote cell
migration into the wound, improve healing, and reduce
scarring.”™®

The development of improved scaffolds or templates to
enhance repair has been the main focus of the tissue engi-
neering field. One area of investigation has concentrated on
the effect of topography on cell response and the ability to
elicit control over cells using surface detail. There is extensive
evidence of the importance of micro-meter-sized features in
modulating cell behavior, with cells responding to physical
cues through a phenomenon known as “contact guidance.”*™2
With the evolution of nanotechnology, areas of cell research
have shifted to explore the role of nanoscale detail on cell
function. The existence of many nanoscale structures on cell
surfaces with roles in attachment and migration and im-
portant nano-architectural frameworks in vivo has led to
greater interest in nanostructured surfaces and their potential
use in tissue engineering.'' "

The types of nanotopographical features that can be
fabricated have been divided into two main categories—
unordered and ordered topographies.'” Many of the current
scaffolds or templates are unordered topographies and are
generally matrices of synthetic and natural polymers, fabri-
cated using various techniques, including solvent-casting,
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gas foaming, phase separation or polymer demixing, freeze
drying, melt molding, and solid free-form fabrication.'®>*
However, these biopolymer scaffolds tend to encounter
problems such as poor reproducibility because of the lack of
control over pore size and feature geometry, residual toxic
organic solvents, and the potential to elicit inflammatory and
immune responses due to polymer degradation and the as-
sociated by-products.**?! Techniques such as electron beam
lithography have been used to fabricate highly ordered na-
nostructured surfaces, but the production of large and re-
producible areas is costly and time consuming and requires a
high level of expertise. A low-cost, reproducible model
substrate with large areas of controlled nanotopography is
necessary to allow for a systematic study of cell response and
application in tissue engineering.

Anodic aluminium oxide (AAO) has potential to act as a
scaffold or template in tissue engineering.”>> It possesses a
highly regular, porous structure produced from the anodic
oxidation of aluminium in acidic electrolytes. Under con-
trolled conditions, the self-organized oxide growth generates
a densely packed hexagonal array of uniform-sized nano-
pores that are almost perfectly aligned perpendicular to the
surface of the AAO film.*"**> Nanoengineering of the pore
geometry can be achieved simply by changing macro-
scopic parameters, such as the anodization time and voltage,
the anodizing electrolyte, and the time of postchemical etch-
1‘ng.33’35 Essentially, the system provides the ability to man-
ufacture specific nanotopographies for specific applications.
Aluminium oxide is also well known for its biocompatibility
in the human body,%’37 and its inert, stable, nonreactive na-
ture overcomes some of the common problems associated
with polymer scaffolds. The cost of producing AAO mem-
branes remains low, and the ease and reproducibility of the
membrane production by controlling macroscopic parame-
ters means that AAO membranes have the potential to pro-
vide a cheap and consistent nanostructured substrate for
large-scale tissue engineering and studies of cell response.

We developed highly regular nanoporous AAO films with
high consistency, reproducibility, and quality and of sizes up
to 56 cm?, with a range of pore sizes between 40 and 500 nm.
We then studied the effects of pore size on the attachment,
growth, and migration of immortalized human skin cell
lines—keratinocyte (HaCaT cell line) epidermal cells and the
fibroblast (NIH-3T3) dermal cell lines—using standard tissue
culture conditions. The cells readily attach to nanoporous
AAO membranes, and the rate of proliferation changes in
response to alteration in the pore size. Keratinocyte migra-
tion across the nanostructured surfaces was also different
depending on the pore size. In summary, skin cells appear to
be sensitive to nanoscale changes in topography, and ma-
nipulation of the nanotopography of these surfaces may
provide an improved template for promoting rapid wound
repair after cutaneous injury. The membrane could poten-
tially be used as a dressing to promote epithelial cover or as a
delivery vehicle template for an “upside-down transplanta-
tion” of cells with enhanced function.

Materials and Methods

Nanoporous alumina fabrication

The process of fabricating regular nanoporous AAO is
schematically summarized in Figure 1. A custom-made ap-
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paratus allowed the fabrication of superior large-scale
membranes of 56 cm” from the anodization of a single side of
high-purity aluminium. First, aluminium foil discs were an-
nealed under argon at 500°C for 5h to recrystallize and re-
lease mechanical stresses from the samples. The substrates
were degreased in acetone and etched in sodium hydroxide
(3M) for 5min before thorough washing with milli-Q water.
AAO membranes were fabricated using an advanced two-
step anodization process.** A first anodization step was
performed in an oxalic acid electrolyte (0.3M, 5°C, me-
chanically stirred) at a constant direct current voltage of 30 V
for 7 h (Fig. 1a). The sample was then exposed to a mixture of
phosphoric and chromic acid (70mL/L and 20g/L, respec-
tively) at 60°C for 1h to selectively remove the alumina layer
formed on the unprotected side of the sheet and expose the
textured substrate for the second anodization step (Fig. 1b).
A second anodization was performed for 14h under the
same conditions as the first (oxalic acid, 0.3M, 5°C, 30V),
resulting in a regular, honeycomb arrangement of nano-
pores, extending parallel throughout the layer (Fig. 1c). The
nanopores were then widened using chemical etching in
phosphoric acid (5%) at 35°C for 7 min (Fig. 1d). A thin and
even coat of Acrifix 192 (R6hm GmbH & Co. KG. Darmstadt,
Germany), a liquid acrylic product, was applied to the an-
odized side of the strip (Fig. 1le). The acrylic film serves to
support the AAO membrane during removal of the alumin-
ium substrate using a copper chloride (CuCl,)-based solution
(0.1M CuCl, in 7% hydrochloric acid) (Fig. 1f). Etching of the
barrier layer oxide in phosphoric acid (Fig. 1g) and complete
dissolution of the acrylic support in acetone resulted in the
AAO membrane as a clear thin film (Fig. 1h). Sets of different
anodization conditions were employed to fabricate AAO
membranes with differing pore sizes. These are described in
Table 1.

Before use in cell experiments, the alumina membranes
were cleaned in hot hydrogen peroxide (30%) for 15 min and
then thoroughly washed in sterile milli-Q water.

Surface characterization

A Philips XL30 scanning electron microscope (SEM, FEI
Company, Hillsboro, OR) was used to quantitatively study
AAQO surface topography and pore geometry. Samples were
sputter-coated with gold at room temperature and visualized
at various magnifications at 10 to 15kV.

AAO topography was also characterized using atomic
force microscopy (AFM), using a Digital Nanoscope E in-
strument (Digital Instruments/Veeco, Plainview, NY). AFM
scans were collected with microfabricated silicon cantilevers
with silicon nitride-sharpened tips operated in contact mode.
Images were recorded and ‘flattened” to correct for the in-
herent curvature of the AFM scanner using Nanoscope III
Digital Instruments Software version 5.12r3 (Veeco, Plain-
view, NY).

Cell culture

The immortalized HaCaT cell line was used for epidermal
cell experiments, and the NIH-3T3 fibroblast cell line was
used for dermal cell experiments. The HaCaT cell line is a
spontaneously immortalized keratinocyte cell line that re-
tains the characteristics of primary human keratinocytes.*®
Cells were cultured in Dulbecco’s modified Eagle medium
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(DMEM) supplemented with 10% fetal calf serum

(FCS) (Invitrogen Gibco, Carlsbad, CA) and 1% penicillin/
streptomycin (Invitrogen Gibco, Carlsbad, CA) at 37°C and
5% carbon dioxide (CO,). Before experiments, cells were
enzymatically lifted from tissue culture flasks using trypsin-
ethylenediaminetetraacetic acid (Invitrogen Gibco, Carlsbad,
CA), and the concentration of re-suspended cells was de-
termined using a hemocytometer.

Keratinocyte and fibroblast adhesion
to AAO membranes

AFM was used to qualitatively investigate the adhesion of
keratinocytes to the inorganic AAO membrane. In two in-
dependent experiments, sterilized AAO membranes were
brought into contact with HaCaT cell suspension (1x10°
cells/mL) and imaged after 1 and 24 h of contact. The sample
was thoroughly washed with fresh medium to remove any
nonadhered cells and then quickly transferred to the AFM
instrument and imaged under ambient laboratory conditions
over a period of 2h.

Separately, HaCaT cells were cultured on AAO mem-
branes for 24h and subsequently fixed for characterization
using SEM. Samples were taken out of culture wells and
washed thoroughly with phosphate buffered saline (PBS)
before fixing in 3% glutaraldehyde and stained with 1% os-
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FIG.1. Schematic drawing of the fabrication
procedure of anodic aluminium oxide (AAO)
thin films. (a) Formation of the porous alu-
mina layer after the first anodization. (b) Re-
moval of the anodic alumina layer using
chemical etching. (c) Formation of the ordered
porous alumina layer after the second anod-
ization. (d) Chemical etching to widen

the nanopores. (e) Removal of protective-
layer coating and addition of polymethyl-
methacrylate to support the film. (f) Removal
of the aluminium substrate. (g) Chemical
etching to remove barrier layer oxide.

(h) Removal of polymer support to afford
nanoporous AAO.

mium tetroxide. After thorough washing in PBS and se-
quential dehydration in 50%, 70%, 95%, and 100% ethanol,
samples were critical-point dried, sputter-coated in gold, and
examined using SEM (Philips XL30).

Keratinocyte proliferation assay

Keratinocyte proliferation was investigated over 3 days of
culture on each of the prepared membranes using a standard
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxypheny1)-2-
(4-sulfophenyl)-2H-tetrazolium, innersalt (MTS) cell pro-
liferation assay (Promega, Madison, WI), following the
manufacturer’s protocol. Triplicate membrane samples with
differing nanopore sizes were cut to an exact size to cover
the bottom of 24-well plates and ultraviolet light sterilized
before freshly suspended cells were seeded at a density of
10* cells per well. At 0, 24, 48, and 72 h, samples were treated
by adding the Promega Cell Titre Aqueous One Solution
(MTS).% Samples were incubated for 3h at 37°C and 5%
CO,, and absorbance was measured at 492nm to determine
cell number. Control samples with no membrane were also
included.

Keratinocyte migration assay

Triplicate membrane samples were cut to an exact size to
cover the bottom of 12-well plates and adhered with silicon

TaABLE 1. ANODIZING CONDITIONS FOR THE FABRICATION OF AAO MEMBRANES WITH DIFFERENT PORE SIZES

Time of first Time of second Pore size
Anodizing acid Voltage anodization (hours) anodization (hours) (nm)
Oxalic acid (0.3 M) 30 7 14 60
Oxalic acid (0.3 M) 60 4 4 125
Sulfuric acid (0.3M) 24 5 5 41
Phosphoric acid (2.5M) 60 5 7 180-200
Phosphoric acid (0.3 M) 130 5 7 ~500
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glue. Glass slides were cut to fit the center of the wells and
stood upright to provide a barrier to cell growth and thus a
cell-free area for analysis of cell migration. HaCaT cells were
labelled with CellTrace carboxyfluorescein succinimidyl
ester (CFSE; Invitrogen Molecular Probes, Eugene, OR) to
allow visualization of the cells on the opaque nanoporous
membranes using fluorescent microscopy. Briefly, cells were
suspended at 1x10°cells/mL in 0.1% bovine serum albu-
min/PBS and incubated with 10pM CFSE at 37°C for 10 min.
Cells were thoroughly washed by repeated centrifugation
and suspension in fresh medium (DMEM + 10% fetal bovine
serum + 1% penicillin/streptomycin) and then seeded at a
density of 2x10° cells/mL on the prepared 12-well plates.
Plates were incubated at 37°C and 5% CO,, and once the cell
monolayer was confluent, the glass barriers were removed to
reveal a cell-free area in the middle of the well. Wells were
washed with PBS, and fresh medium was added. At 0, 12, 24,
36, 48, and 72h, the cell-free area was photographed using a
light microscope fixed with a 488-nm excitation source (Ni-
kon Eclipse Inverted Microscope V1.21, final objective x4,
Melville, NY). Cell migration was measured by comparing
the percentage of the image uncovered at each time point
with the initial percentage using Image] software.*’

120.0 nm

0.0 nm

1.0 pm

PARKINSON ET AL.

Animal pilot study

The institutional animal ethics committee approved all
animal experiments, which were performed in accordance
with National Health and Medical Research Council Aus-
tralian Code of Practice for the Care and Use of Animals for
Scientific Purposes. Two large white juvenile pigs weighing
27 to 29 kg received a deep dermal partial-thickness burn on
each flank, as previously described.*’ Wounds were dressed
as test (with membrane) or control (Acticoat) and reviewed
weekly for 4 weeks.

Statistical analyses

Differences in experimental groups were analyzed using
unpaired t-test, with p < 0.05 as significant (StatView, V5.0.1,
SAS Institute Inc., Cary, NC).

Results and Discussion

Nanoporous alumina membranes

Porous oxide growth on aluminium by anodic oxidation
has been studied for more than 60 years. It is generally ac-
cepted that the production of a porous anodized film on

FIG. 2.

(a) Scanning electron microscopy (SEM) image of top surface of AAO membrane prepared using a two-step

anodization process in oxalic acid (0.3 M) at 30V and 5°C. (b) Atomic force microscopy (AFM) scan depicting the three-
dimensional surface topography of and lateral structure of the AAO membrane in (a). (c) SEM image of the top surface of
anodic aluminium oxide membrane prepared using a two-step process in oxalic acid (0.3 M) at 60V and 5°C.
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aluminium requires a source of direct current and an acid
solution that will provide oxygen ions. The passage of elec-
tric current causes decomposition of the acidic electrolyte,
producing hydrogen at the cathode and promoting the at-
traction of negatively charged oxygen and electrolyte anions
to the aluminium anode. The simultaneous drift of AI** ions
from the substrate under the high-field conditions permits
the formation of aluminium oxide at the anode surface.*?
O’Sullivan and Wood*® attribute porous growth to an equi-
librium of field-assisted oxide dissolution at the oxide-
electrolyte interface and oxide growth at the metal-oxide
interface. The field-assisted dissolution mechanism is based
on the stretching and breaking of aluminium-oxygen bonds
under the applied field, which proceeds at a faster rate than
the open-field chemical dissolution of the film material. The
field assists the rate of dissolution at the bottom of the pore
to a greater extent than it assists growth and more than on
the outer film surface, so that the pore can be propagated.*
This model is able to give plausible explanations for the
dependence of pore diameters and interpore distances on
applied voltage or electrolyte composition. That is, field-
assisted dissolution at the bottom of the pore will be further
enhanced under a higher voltage, resulting in larger pores.**

FIG. 3.
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Further advancements in the anodizing technology have
seen the porous cell arrangement of AAO form an ideally
packed hexagonal array by self-adjusting during an ex-
tended anodizing process.3! Mechanistic studies have sug-
gested that the self-organization is a result of repulsive forces
between neighboring pores caused by mechanical stress as-
sociated with the expansion during oxide formation at the
metal-oxide interface.*> An advanced two-step anodization
method is employed to fabricate straight and highly regular
nanopore arrays that extend the length of the oxide film.*
The porous oxide growth changes the surface of the alu-
minium substrate into a regular dimpled landscape that can
act as a self-assembled template for a second anodization. As
a result, the first anodic oxide layer is removed, and a sub-
sequent anodization allows straight nano-channels to grow
parallel through the oxide layer.

AAO membranes were characterized using SEM and
AFM. Figure 2a is a SEM image of the surface topography of
an AAO membrane prepared in oxalic acid at 30V. The
micrograph depicts nanopores existing in many ordered,
hexagonal-patterned domains with highly regular and uni-
form pore sizes. The three-dimensional AFM scan in Figure
2b portrays the nanoporous topography to be investigated

1.
0.5 0

(a) SEM image and (b) AFM scan of AAO membrane prepared using a two-step anodization process in sulfuric acid

(0.3M) at 24V and 5°C. (¢) SEM image and (d) AFM scan of AAO membrane prepared in phosphoric acid (2.5 M) at 60 V and
5°C. Color images available online at www liebertonline.com/ten.
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for skin cell response. Pore geometry was evaluated using
sectional profile-line plots after imaging (Image] 1.40g*).
For the evaluation of the pore mouth diameter, profile marks
were visually set on the upper inflexion points of the conical
profile lines, and the interpore distance was measured by
placing the marks in two adjacent minima of the same profile
lines. The two-step anodization of aluminium in oxalic acid
at 30V produced pore mouth diameters of 60+4nm and
interpore distances of 80 +3 nm. Figure 2c displays the sur-
face topography of an AAO membrane prepared at a higher
voltage (60V) in oxalic acid. Pore geometry can be ‘con-
trolled” by changing the anodic electrolyte, the applied
voltage, or both. Anodizing at a higher voltage produces a
characteristically different membrane, with larger pores than
those formed at 30V. This is because of the enhanced-field
dissolution of the oxide layer under the higher-forming
voltage.*® Again, the majority of pores exist in ordered do-
mains and have an average pore mouth diameter of
125 £4nm and an interpore distance of 155 +4nm.

Figure 3 presents micrographs of AAO membranes pre-
pared in sulfuric acid at 24 V (Fig. 3a, b) and phosphoric acid
at 60V (Fig. 3c, d). AFM surface scans illustrate the lateral
structure of each of the membranes. Anodization in sulfuric
acid yields a highly regular membrane, with almost all pores
existing in large domains of hexagonal arrangement. These
experimental conditions also yielded a membrane with the
smallest pores, having an average pore mouth diameter of
41 +£2.5nm and an interpore distance of 64 & 3 nm. The rela-
tively unstable growth of aluminium oxide in phosphoric acid
at 60 V resulted in membranes with pore sizes ranging from 90
to 270nm, with the majority at 180 to 200nm. These high-
voltage conditions enhance dissolution of the oxide layer dur-
ing anodization and induce a change in growth mechanism
of the oxide film as described in *2. Although the large
and mostly noncylindrical pores deviate somewhat from the
normal hexagonal arrangement, the nanoporous architec-
ture was still present across the entire surface of the mem-
brane. Finally, an AAO membrane prepared in phosphoric
acid at 130V provided nanopores of approximately500 nm
in size.

Further optimization of the basic two-step anodization
method has yielded membranes of superior quality and
significant size, as depicted in Figure 4. AAO membranes
manufactured using protocols based on previously described
methods were flaky, delicate, and hard to recover as com-
plete thin films (Fig. 4a). Our modified approach and
custom-designed apparatus afforded highly reproducible
membranes that could be recovered as complete films of
improved quality, size (from ~4.5-56cm?), and flexibility
(Fig. 4b—e). Having only one side of the aluminium substrate
exposed to anodization allowed the CuCl,-based solution to
have direct contact with the aluminium substrate, permitting
a clean and fast removal without needing to penetrate and
thus damage the overlaying AAO membrane. The use of the
CuCl, solution to etch the aluminium substrate has an ad-
vantage over the commonly used mercuric chloride solution,
because it provides faster removal and an environmentally
friendly alternative that has no hazardous by-products or the
potential to leave harmful residues on the membrane.*” In
addition, it was found that supporting the membrane with an
acrylic film during the removal of the aluminium substrate
made it much easier to recover a single large AAO mem-
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FIG. 4. Digital photographs illustrating the development of
superior AAO membranes using an optimized fabrication
method. (a) First membranes prepared based on previously
described methods. (b) Fabrication of superior AAO mem-
branes. (c) Large-scale, highly reproducible AAO mem-

branes. (d) Commercially available Anopore alumina
membrane. (e) Large-scale AAO membrane under manual
mechanical stress depicting the flexibility of the membrane.

brane (Fig. 4c) of greater flexibility (Fig. 4e). They are also
significantly larger than the commercially available Anopore
alumina membranes at 14.5cm? (Whatman, Maidstone,
England) (Fig. 4d). Together, these optimized techniques al-
lowed significant up-scaling of the AAO membranes to sizes
that are practicable for larger-scale skin tissue engineering
applications. It also demonstrates the capability of further up-
scaling to even larger sizes. This is important for the potential
clinical applications of the membrane as a dressing or tem-
plate, because a large area of skin could be covered with one
membrane.
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Cell adhesion

Two independent experiments were conducted to study
the adhesion of keratinocytes on nanoporous AAO. Ster-
ilized AAO membranes were placed in contact with a sus-
pension of skin cells and then imaged after 1 and 24h. AFM
was employed for these studies because it is a nondestructive
technique with the necessary resolution to characterize the
underlying nanoporous substrate, as well as the cells on its
surface.

AFM scans of a portion of AAO membrane that had been
in contact with a freshly prepared skin cell suspension for 1 h
show cells attached to the membrane (Fig. 5a). These appear
as lighter masses on the darker membrane surface; kerati-
nocytes had deposited onto the AAO substrate. The higher-
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resolution scans clearly indicate the presence of cells on the
nanoporous membrane, where the highly ordered, hexago-
nal array of nanopores is evident below the mass of cells on
its surface.

As part of the preparation of the sample for imaging, the
membrane was thoroughly washed with fresh medium to
remove any nonadhered cells from the sample. In addition,
the deposition of cells onto the membrane was not due to
sedimentation of the cells over time, because the membrane
was not placed at the base of the cell suspension but rather
was dipped into the suspension. This suggests that the cells
were actively adhering through adhesion complexes to
the membranes rather than sedimenting onto the surface. The
stability of the cell attachment to the membrane under the
AFM tip during contact mode scanning also suggests that

1.0 pm 1.0 pm
0.0 1: Height 50pum’ 0.0 1: Height 35um

FIG. 5.

(a) AFM scan of live HaCaT cells deposited on nanoporous anodic aluminium oxide after 1h of contact with skin cell

suspension, (b) after 24 h contact. AAO substrate was prepared from anodization in oxalic acid (0.3 M) at 60 V. Samples were
prepared for imaging after washing thoroughly with fresh medium to remove any nonadhered cells. (¢ & d) SEM images of
HaCaT cells on nanoporous AAO. Lamellipodia extending from the cell body can be seen to be of similar size to the pores,
lying across the surface and protruding into the substrate. Color images available online at www liebertonline.com/ten.



3760

cells were strongly adhered, with reproducible scans achieved
over different magnifications. AFM scans from macroscopi-
cally different areas of the sample depicted the deposition of
cells across the entire surface of the membrane.

AFM imaging of the AAO membrane after 24 h of contact
with the cell suspension was also performed. The images
depict the continued interaction of cells on the surface of the
membrane after 24 h (Fig. 5b). Reproducible AFM scans over
different magnifications and different areas of the sample
were obtained, and the observation of keratinocytes on the
membrane after the extended period of time is a strong in-
dication of firm attachment to the noncoated, inorganic
substrate.

SEM analysis further supports the suggestion that the
keratinocytes actively adhere through cell complexes (Fig. 5c,
d). Here, cells were grown on a membrane for 24 h and then
fixed for characterization using SEM. These images present
evidence of a definite interaction between cells and the
membrane at the nanolevel. Lamellipodia extending from the
cell body can be seen to be of similar size to the pores, lying
across the surface and protruding into the substrate (Fig. 5d).

To demonstrate that the attachment of cells to the mem-
brane was not only a property of the keratinocyte cell type,
we also used NIH-3T3 fibroblasts and monitored attachment
of these cells to the membrane. As with the keratinocytes,

0.8

Absorbance (@ 490 nm)

FIG. 6. (a) Results of 3-day MTS prolifer-
ation assay of HaCaT cells on the prepared
nanoporous AAO membranes. There was a
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consistent adhesion of these cells to the membranes was
observed at 1 and 24h after incubation (data not shown),
suggesting that cell attachment to the membrane is a prop-
erty of multiple cell types.

The membrane appears to provide a landscape for the
cells to engage with for firm attachment, and it is hoped that,
by exploiting this interaction at the nanoscale, we may po-
tentially alter cell behavior to promote faster wound healing.

Proliferation and migration

Our adhesion studies of cells on AAO films demonstrate
cell attachment to the inorganic nanoporous membranes but
do not provide information on the long-term viability or
proliferative potential of these cells or the motility of the cells
across the surface. These properties are important in the
context of developing biological scaffolds or templates for
tissue engineering. Additionally, it is important to determine
whether changes to nanopore size affect cell behavior. A
proliferation assay was performed to quantify the growth of
keratinocytes across each of the different nanoporous mem-
branes. As in all experiments, the inert, inorganic membranes
were used as prepared, with no further chemical or physical
surface modifications. The results of the 3-day proliferation
assay suggest that there is an effect of nano-architecture on

=+ Control
== =200 nm
= 125 nm
== 60 nm

== 41 nm

significant difference (*p < 0.05) in prolifer-
ation on the membrane of 125-nm pores
than on the control and other membranes.
(b) Results of HaCaT migration on nano-
porous AAO membranes. There was an ef-
fect of nano-architecture on cell migration,
with cells migrating significant faster

(*p < 0.05) on the 500-nm membrane than
on the 65-nm and the commercially avail-
able Anopore membranes.

120 4

% of cell-free area

Time (hours) a

u Anopore(TM)
200 nm
= 41 nm

= 60 nm

= 500 nm

12 24 36 48 72
Time (hours) b
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keratinocyte growth (Fig. 6a). There were significantly fewer
cells (p < 0.05) in culture at Day 3 growing on the membrane
of 125-nm pores than on the control and other AAO mem-
branes. Although this particular interpore distance appears
to inhibit cell proliferation, which is unlikely to be desired
during the acute tissue repair phase, it demonstrates that
keratinocyte cells are sensitive to changes in the nanoscale
topography of these membranes.

In addition there was an effect of nano-architecture on cell
motility (Fig. 6b). HaCaT cell migration was investigated
over four different nanoporous membranes, one of which
was the commercially available Anopore alumina membrane
(Whatman). A ‘cell-free area” was created in a confluent cell
layer, and migration of cells to cover the gap was monitored.
Cells migrated faster (p <0.05) across the membrane with
500-nm pores than across the 65-nm and 200-nm Anopore
membranes. At 24 h and all following time points, the closure
of the ‘gap’ on the 500 nm was significantly faster (p =0.049,
p=0.03, p=0.04, p=0.03, respectively) than on the 65-nm
membranes, and at 12 and 24h, migration was faster
(p=0.01 and p=0.03, respectively) on the 500-nm mem-
brane than the Anopore membrane.

The potential of AAO membranes in skin repair

Changes in the surface nano-architecture influence kera-
tinocyte behavior, and further testing of different pore sizes
and arrangements may optimize a membrane for rapid
growth of the epithelial layer and enhance cutaneous repair
after injury.

Alternatively, inhibition of cells migrating into the wound
that cause scarring may be a potential use for these tem-
plates. This is the first reported investigation into the effects
of AAO on skin cell types, and we propose that the mem-
brane may be used to enhance healing by promoting mi-
gration and proliferation of epithelial cells across the
membrane surface when applied as a topical dressing to a
wound, thereby promoting faster wound closure and con-
sequently reducing scarring.' For this application to be
possible, the membrane will need to conform to the skin
surface and be nondegradable in the wound environment,
and the attachment of cells to the membrane surface must be
weaker than to each other, such that removal of the mem-
brane ‘dressing” will not remove the nascent epithelial layer.
We have tested whether the physical properties of the AAO
membranes may be suitable for this type of application. A
pilot study involving the application of sample AAO mem-
branes to a topical, dorsal flank burn injury in the pig
demonstrated adherence and conformability of the mem-
branes to the wound surface, with no observed degradation
over a period of 3 weeks (Fig. 7). Membranes were also able
to be removed without loss of the forming epidermis, with
no detrimental effect on the wound healing process. This
pilot application of the membranes in vivo suggests that the
application of AAO membranes as topical dressings to skin
injuries is feasible. In light of this pilot study, and the in vitro
results presented here, we intend to conduct an in vivo trial
using a porcine burn injury model.*' This will allow exten-
sive assessment of wound closure rates with changing pore
sizes, as well as an opportunity to assess any effects of AAO
membranes on other important wound healing processes, for
example, inflammation, that are not easily assessed in vitro.
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FIG. 7. Potential use of AAO membrane as a dressing for
skin wound healing. (a) Membrane (with aluminium backing
for support) conforms to skin surface when applied to a burn
injury in the pig. (b) Removal of membrane does not appear
to disrupt surface repair. Color images available online at
www liebertonline.com/ten.

Conclusion

Here, we have shown that skin cell types attach, are via-
ble, proliferate, and migrate over a period of days on AAO
membranes, with an effect of surface nanotopography on cell
behavior. Also, the better performance and larger size than
the commercially available Anopore membrane suggests that
our optimized fabrication process produces more-favorable
nanoporous architecture for keratinocyte function and
membranes of sufficient size for wound-healing applications.

This work demonstrated that changes to surface nanoto-
pography can influence skin cell behavior, with significant
differences in cell proliferation and migration depending on
pore size. The reproducibility, uniformity, biocompatibility,
physical properties, and cost of the AAO membranes make
them potentially suitable for clinical application. Further
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investigation into the mechanism by which nanotopography
affects cell behavior, together with an in vivo study assessing
the effects of these membranes on skin wound healing, may
lead to better tissue engineering substrates for skin and other
tissue repair.
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