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ABSTRACT

Ordered nanofiber arrays are a promising material platform for artificial adhesive structures, tissue engineering, wound dressing, sensor
arrays, and self-cleaning surfaces. Their production via self-ordered porous alumina hard templates serving as shape-defining molds is well-
established. However, their release requires the destruction of the hard templates, the fabrication of which is costly and time-consuming, by
wet-chemical etching steps with acids or bases. We report the nondestructive mechanical extraction of arrays of cross-linked polyacrylate
nanofibers from thus recyclable self-ordered nanoporous alumina hard templates. Silica replicas of the latter were synthesized using the
extricated nanofiber arrays as secondary molds that could be mechanically detached from the molded material. The approach reported here,
which can be combined with microstructuring, may pave the way for the high-throughput production of both functional nanofiber arrays and
ordered nanoporous membranes consisting of a broad range of material systems.

Shape-defining hard templates containing arrays of aligned
cylindrical nanopores allow the formation of a plethora of
materials into nanofibers.1–5 Self-ordered porous alumina6–10

(anodic aluminum oxide, AAO) is a particularly attractive
mold that is characterized by regularly arranged, parallel
pores with narrow diameter distribution and uniform pore
depth arranged in a hexagonal lattice consisting of grains
extending 10-20 lattice periods. It is readily available and
is routinely produced with lattice constants ranging from 65
to 500 nm, pore diameters ranging from 25 to 400 nm, and
pore depths adjustable to values between a few 100 nm and
several 100 µm. Arrays of freestanding polymeric nanofibers
derived from parent AAO hard templates are being consid-
ered as a potential material platform for sensor arrays,
bioinspired artificial adhesive structures,11–13 wound dressing,
and tissue engineering.14,15 Moreover, they may serve as
surfaces exhibiting specific wetting properties16–18 or self-
cleaning behavior.19 Nanofiber arrays have been used as
secondary molds for the replication of their parent AAO hard
templates serving as primary molds.20–22 Drawbacks associ-
ated with the generation of nanopore arrays by combining
block copolymer lithography and reactive ion etching,23 such

as tapered pore profiles,24 polymerization of the etchant on
the pore walls, poor etch contrast, and underetching,25 can
thus be circumvented. However, the release of the nanofiber
arrays after the primary molding step requires the destruction
of the parent AAO hard templates by wet-chemical etching
with bases or acids.20–22 Despite the fact that the preparation
of the primary molds is the most costly and time-consuming
step in the entire process chain, it is, therefore, impossible
to obtain multiple replicas from a master template. The
destruction of the parent AAO hard templates, so far
inevitable, is a general drawback of scaling-up template-
based approaches to the production of nanofiber arrays.

Here, we report the nondestructive mechanical extraction
of arrays of nanofibers consisting of cross-linked polyacrylate
networks from thus recyclable self-ordered AAO hard
templates with a pore diameter of 120 nm, which avoids the
drawbacks of the template-based replication processes dis-
cussed above. The nanofiber arrays obtained have been used
as secondary molds for the fabrication of silica replicas of
the AAO primary molds by means of sol/gel chemistry. The
silica replicas also contain ordered arrays of aligned nano-
pores. It is straightforward that alternative synthesis methods
such as electrodeposition20,26 or atomic layer deposition27 can
also be applied and that, for example, nanoparticles, dyes,
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or even biomolecules can be incorporated into the nanopo-
rous replicas. Their nondestructive detachment from recy-
clable AAO primary molds may pave the way for the mass
production of nanofiber arrays. Using the nanofiber arrays
as likewise recyclable secondary molds may enable nonde-
structive high-throughput copying of the parent AAO hard
templates with a broad range of materials.

In general, extractions were accomplished by the applica-
tion of a force parallel to the pore axes of the hard templates.
However, slight misalignment, which could not be avoided
when the samples were mounted for the extraction experi-
ments, resulted in shear forces perpendicular to the pore axes
and hence in lateral displacement. Previous attempts to detach
mesoporous silica microrods from macroporous silicon hard
templates28 with pore diameters in the micrometer range were
facilitated by their pronounced shrinkage during high-
temperature calcination.29 However, the macroporous silicon
could only be recovered by a tedious procedure which
involved etching of the silica layer covering the pore walls
and residual segments of the mesoporous microrods still
located inside the pores with an aqueous HF solution,
treatment with a boiling H2SO4/H2O2 mixture, and modifica-
tion with 1H,1H,2H,2H-perfluorodecyltrichlorosiliane, result-
ing in an increase of the pore diameter by about 30 nm per
recovery cycle. The extraction of microrods consisting of
thermoplastics such as polystyrene or polyvinylidene fluoride
from macroporous silicon hard templates suffered from
plastic deformation.30 Microrods jammed in the pores were
prone to yielding and necking, leading to elongation along
with a decrease in their cross-sectional area, that is, their
diameter, and eventually to fracture (Supporting Information,
Figure S1).

The extraction of nanofiber arrays from AAO hard
templates with pore diameters in the 100 nm range is
associated with even larger contact areas and lower shear
tolerance. It is reasonable to assume that nanofibers exhibit-
ing a network structure accompanied by elasticity at small
deformations could be drawn out of the nanopores without
formation of structural defects or fracture. Materials such
as cross-linked polymers forming three-dimensional networks
are capable of dissipating energy without irreversible plastic
deformation, whereas materials such as thermoplastics tend

to irreversibly deform or fracture upon exposure to shear
forces. Three-dimensional networks of cross-linked polymers
do not show yielding or necking and exhibit excellent
resistance to heat, solvents, and other chemicals. A wide
variety of cross-linkable systems is commercially available,
including heat setting systems such as epoxy resins, or photo-
cross-linkable systems such as polyacrylates. Radiation
curing with UV light is a fast, emission-free process
characterized by high penetration depths which can be
performed under ambient conditions. For the preparation of
the nanofibers, we therefore used BASF Laromer radiation
curing resins, for which many formulations differing in
monomer chemistry, reactivity, viscosity, and stiffness of the
cured material are available. The properties of the resins used
in this work are summarized in Table S1 (Supporting
Information).

Self-ordered AAO hard templates8 (the nanoporous AAO
layers were attached to underlying aluminum substrates so
that the pore bottoms were closed) with an initial pore
diameter of 200 nm were coated with 1H,1H,2H,2H-
perfluorodecyltrichlorosilane31 to minimize adhesion between
the pore walls and the nanofibers formed inside the nano-
pores. Homocondensation led to the formation of an ap-
proximately 40 nm thick multilayer of the polymerized silane
coupling agent, as determined by scanning electron micros-
copy (SEM),32 thus reducing the pore diameter of the AAO
hard templates to about 120 nm (Scheme 1, panel a). A
mixture of PO 77F, an amine-modified oligoetheracrylate
resin, and 4 wt % of a free-radical photoinitiator (Irgacure
651)33 was injected into the AAO hard templates at room
temperature by applying a pressure impregnation technique34

(Scheme 1, panel b) because the low surface energy of the
silanized pore walls prevented spontaneous infiltration of the
PO 77F resin. Photopolymerization by exposure to UV light
generated by a Fusion UV Curing F300 lamp (D lamp; 120
W/cm) for 1 s resulted in the formation of nanofibers
consisting of cross-linked polyacrylate inside the nanopores
that were connected with a cross-linked polyacrylate film
on top of the AAO hard template (Scheme 1, panel c). Studs
were glued to the upper polymeric surface and the underside
of the aluminum substrate, and the nanofibers were removed
from the AAO hard template using a linear motion device

Scheme 1. Schematic Diagram of the Nondestructive Replication of Self-Ordered AAO Based on the Use of
Cross-Linked Polyacrylate Nanofiber Arrays As Secondary Moldsa

a The parent AAO hard template (grey), which is attached to an underlying aluminum substrate (dark grey), is coated with a multilayer of a perfluorated
silane coupling agent (black) to reduce the surface energy of the pore walls (panel a). Resin (green) is infiltrated into the nanopores by a pressure impregnation
technique (panel b) and photo-cross-linked (panel c). The obtained array of cross-linked polyacrylate nanofibers (blue) is extracted from the parent AAO
hard template by mechanical extraction (panel d). Whereas the AAO can be reused, the nanofiber array is covered with a sol/gel (light pink) (panel e), which
is gelated (panel f). Finally, the nanofiber array is mechanically detached from the gelated replica (pink) of the parent AAO hard template (panel g).
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with an attached load cell. First, a piston with adhesive tape
was pressed onto the sample at a rate of 0.2 mm/min with a
maximum compressive load of -40 N. Then, the nanofibers
were lifted at a rate of 0.1 mm/min with a force of around
0.4 N (Scheme 1, panel d). To synthesize silica replicas of
the parent AAO hard templates, a sol solution containing
tetraethyl orthosilicate (TEOS; Alfa Aesar), deionized H2O,
37% HCl, and absolute ethanol at a molar ratio of 1:6:0.001:

8.8 was stirred for 3 h. Then the polyacrylate nanofiber arrays
serving as secondary molds were placed at the bottom of a
reaction tube and covered with the sol solution (Scheme 1,
panel e). After gelation at room temperature for 48 h and at
60 °C for 24 h (Scheme 1, panel f), the polyacrylate nanofiber
arrays could be easily detached from the nanoporous silica
films with tweezers (Scheme 1, panel g).

Figure 1. Scanning electron microscopy (SEM) images of detached
arrays of polyacrylate nanofibers (diameter ≈ 120 nm; length ≈
900 nm) and their parent AAO hard templates. Images a-c show
nanofiber arrays with a side length of about 500 µm. (a) Large
field view; (b) top view, evidencing that the nanofiber array exhibits
the characteristic domain structure of the parent AAO hard template;
(c) side view of the nanofiber array.

Figure 2. SEM images a-c show the parent AAO hard template
after the mechanical extraction of the nanofibers seen in Figure 1.
(a) Large-field view. The nanofibers were extracted from the darker
square in the center; the nanopores in the surrounding bright rim
were sealed with a gold layer (see main text for details). (b) Pore
openings after extraction in the central square at higher magnifica-
tion. (c) Cross-sectional view of nanopores located in the central
square which have walls covered with a 40 nm thick silane layer
after extraction of the nanofibers.
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The methodology outlined in Scheme 1 can easily be
combined with microstructuring techniques. For example, a
thin gold layer was sputtered onto a parent AAO hard
template with a pore depth of 900 nm partially covered with
a 500 µm thick wire. Before a second sputtering step, the
wire was rotated by 90° so that finally an area of about 500
µm × 500 µm was shadowed. The gold grains deposited
onto the surface of the parent AAO hard template served as

seeds for the subsequent electrochemical plating35 of gold
that sealed the pore openings except in the area shadowed
during both sputtering steps. In Figure 1a, a large-field view
of a polyacrylate nanofiber array obtained after lift-off is
shown, which extends correspondingly to about 500 µm ×
500 µm. The top-view image of the same array in Figure 1b
reveals that the characteristic domain structure of the parent
AAO hard template and the hexagonal order within the

Figure 3. SEM images showing arrays of polyacrylate nanofibers and microfibers with aspect ratios of 10 and above. (a) Side view of
nanofibers obtained from a 70:30 w/w mixture of PO 77F with tripropylene glycol diacrylate (TPGDA)36 (cf. Table S1, Supporting Information)
with a diameter of ≈120 nm and an aspect ratio of ≈30 after their mechanical extraction from an AAO hard template; (b) large-field top
view of nanofibers with a diameter of ≈120 nm and an aspect ratio of ≈30 after their mechanical extraction from an AAO hard template;
(c) side view of microfibers after mechanical extraction from macroporous silicon (pore diameter 1 µm; pore depth 10 µm) modified with
1H,1H,2H,2H-perfluorodecyltrichlorosiliane; (d) large-field top view of the sample seen in c.

Figure 4. SEM images of arrays of polyacrylate nanofibers (diameter ≈ 120 nm; length ≈ 900 nm) after their use for the preparation of
a silica replica and mechanical detachment from the latter. (a) Top view; (b) side view (the nanofibers seen in the SEM image appear to
be shorter than they actually are because of the perspective view).
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domains is maintained. The cross-sectional view of the
polyacrylate nanofibers in Figure 1c indicates that they do
not stick together and stand upright. They possess a uniform
diameter and height of about 120 and 900 nm, respectively,
corresponding to an aspect ratio (length/diameter) of about
7.5.

In Figure 2a, a large-field view of the parent AAO hard
template after the extraction of the polyacrylate nanofiber
array is shown. The dark area in the center of the image,
which is not covered with gold, is an exact replica of the
array shown in Figure 1a, whereas the brighter rim reflects
the gold coating. Imaging the surface of the center area at
higher magnification reveals that the nanopores are indeed
empty (Figure 2b). A cross-sectional view of nanopores
located in the center area after extraction of the polyacrylate
nanofibers formed in their interior is seen in Figure 2c. The
dimensions of the nanopores are in good agreement with
those of the extracted nanofibers seen in Figure 1c. It is
obvious that the parent AAO hard templates can be recovered
after lift-off and are ready for reuse.

It is also possible to detach polyacrylate nanofibers with
higher aspect ratios from AAO hard templates possessing
accordingly deeper pores. In Figure 3a,b, arrays of poly-
acrylate nanofibers with a length of 4 µm and a diameter of
120 nm corresponding to an aspect ratio of about 30 are
shown. Their careful examination (and a comparison with

the microfibers seen in Figure S1, Supporting Information)
revealed that they had a constant diameter along their entire
length, suggesting that yielding and necking do not occur
upon extraction. However, independent of the way of their
release from the hard templates, nanofibers with such high
aspect ratios show an intrinsic tendency toward bending and
bunching. Bunching is caused by adhesion between adjacent
nanofibers and becomes more significant as the potential
contact area increases along with their aspect ratio. The use
of stiffer materials may allow overcoming these drawbacks
but is in turn associated with a stronger tendency toward
fracture upon exposure of the nanofibers to mechanical stress,
as it is the case during the detachment from the hard
templates. However, we anticipate that the lift-off process
reported here can be further optimized to produce ordered
arrays of free-standing nanofibers (i) by engineering the
properties of the material the nanofibers consist of, (ii) by
increasing the spacing between the nanopores in the AAO
hard templates, for instance, by applying the recently reported
hard anodization,10 and (iii) by optimizing the design of the
device configuration used for the mechanical extraction such
as to minimize shear. It should be noted that in extended
arrays of polyacrylate microfibers with a diameter of 1 µm
and a length of 10 µm, which was mechanically detached
from macroporous silicon modified with 1H,1H,2H,2H-
perfluorodecyltrichlorosilane,30 neither bending nor bunching

Figure 5. SEM images showing the grandchild silica replica of the parent AAO hard templates after heating to 550 °C for 6 h. (a) Large-
field top view; (b) top view at higher magnification; (c) large-field side view of a cleaved silica replica; (d) side view at higher magnification.
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occurred to a significant degree (Figure 3c,d).
To produce silica replicas of parent AAO hard templates

with a pore diameter of 120 nm and a pore depth of 900 nm
in secondary molding steps, the extracted polyacrylate
nanofiber arrays were covered with a TEOS-containing sol
as described above. Even after detaching the polyacrylate
nanofiber arrays from the gelated silica replicas with a pair
of tweezers they remained largely intact, as shown in the
large-field view image seen in Figure 4a and the cross-
sectional view seen in Figure 4b. Occasionally, adjacent
nanofibers stick together. However, it is reasonable to assume
that optimization of the material properties and the detach-
ment process will allow multiple uses not only of the parent
AAO hard templates but also of the polymeric nanofiber
arrays in secondary molding steps.

Figure 5 depicts a nanoporous silica replica after extracting
the polyacrylate nanofiber array serving as secondary mold
and after subsequent heating to 550 °C for 6 h. The
characteristic morphology of the AAO primary molds, which
is characterized by domains extending 10 to 20 lattice periods
and hexagonal arrangement of the pores within the domains,
can be transferred to the nanoporous silica replicas, which
withstand high temperatures, as is required for many ap-
plications, for example, for their use as catalyst-supports.
A representative large-field top view is seen in Figure 5a,
and Figure 5b shows openings of the nanopores at higher
magnification. The side views of a silica replica seen in
Figure 5c,d reveal that the nanopores have a diameter of
about 120 nm and a depth of about 900 nm, corresponding
to an aspect ratio of 7.5. These values are in reasonable
accordance with the dimensions of the polyacrylate nanofi-
bers used as secondary molds.

In conclusion, we have demonstrated the nondestructive
mechanical extraction of arrays of polyacrylate nanofibers
from thus recyclable AAO hard templates without necking,
yielding, fracture, or cohering. The nanofiber arrays were
used as secondary molds for the production of nanoporous
silica replicas of the parent AAO hard templates. Since the
polyacrylate nanofiber arrays were mechanically detached
from the nanoporous silica replicas, they can, in principle,
also be reused. Nondestructive replication may facilitate high-
throughput production of a broad range of ordered nanopo-
rous materials by sol/gel chemistry, electrodeposition, or
atomic layer deposition.
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