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ocompatible free-standing
nanopatterned films for primary neuronal cultures†

F. Cesca,‡a T. Limongi,‡b A. Accardo,c A. Rocchi,a M. Orlando,a V. Shalabaeva,c E. Di
Fabrizio‡*bd and F. Benfenati‡a

Devising and constructing biocompatible devices for nervous system regeneration is an extremely

challenging task. Besides tackling the issue of biocompatibility, biomaterials for neuroscience

applications should mimic the complex environment of the extracellular matrix, which in vivo provides

neurons with a series of cues and signals to guide cells towards their appropriate targets. In this work, a

novel nanopatterned biocompatible poly-3-caprolactone (PCL) film is realized to assist the attachment

and growth of primary hippocampal neurons. Costly and time-consuming processes can be avoided

using plasma-surface nanotexturing obtained by a mixed gas SF6/Ar at �5 �C. The intrinsic composition

and line topography of nanopatterned PCL ensure healthy development of the neuronal network, as

shown by confocal microscopy, by analysing the expression of a range of neuronal markers typical of

mature cultures, as well as by scanning electron microscopy. In addition, we show that surface

nanopatterning improves differentiation of neurons compared to flat PCL films, while no neural growth

was observed on either flat or nanopatterned substrates in the absence of a poly-D-lysine coating. Thus,

we successfully optimized a nanofabrication protocol to obtain nanostructured PCL layers endowed with

several mechanical and structural characteristics that make them a promising, versatile tool for future

tissue engineering studies aimed at neural tissue regeneration.
Introduction

The engineering of biocompatible devices for biomedical
applications represents one of the main challenges faced by the
elds of bioengineering and materials science. While this is
true for all the aspects of regenerative medicine, biocompati-
bility becomes an essential issue when trying to devise novel
strategies for neuroscience applications. In fact, neurons are
extremely demanding, especially for what concerns their ability
to adhere, grow and differentiate on specic substrates. In
general, surface roughness and nano-scale topography are
known to affect the ability of neural cells to grow and differ-
entiate.1,2 Substrate topography, especially at the nanoscale, is
considered a promising tool for the manipulation of cell
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function and the guidance of tissue regeneration. Thus, engi-
neering of biomaterials has become increasingly more focused
on structuring surfaces at the micro- to nano-scale, to optimize
cell adhesion and protein adsorption, which is crucial to ach-
ieve optimal implant performance.

In general, biomaterials for tissue engineering applications
mimic the structural complexity of the extracellular matrix
(ECM).3 The rigidity of ECM proteins such as bronectin,
vitronectin and laminin endows the substrate with the appro-
priate stiffness to counteract the contractile forces imposed by
the cells. Cells adhere to the substrate by establishing special-
ized adhesive sites, named focal contacts, where membrane
receptors are simultaneously linked to extracellular ligands and
to the intracellular cytoskeleton.4 ECM proteins play a funda-
mental role in several aspects of neuronal physiology. They
direct axon pathnding and neuronal migration of developing
neurons by attracting or repelling axonal growth cones until
they reach their nal target. Under pathological conditions,
such as nerve injury or neuropathies, the same molecules are
able to drive axonal regeneration, eventually leading to a partial
functional recovery.5,6 Synthetic interactions may thus be engi-
neered to serve as a potent signalling mechanism for use in
regenerative medicine. Recent developments in photolithog-
raphy and microfabrication allow producing substrates with
micro- and nano-scale features in the range of the native
topography of ECM molecules. ECM components oen contain
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 PCL nanopatterned surface fabrication, characterization and
peel-off. (a) Schematic view of the fast single-step plasma etching for
the nano-texturing of PCL films. Surface water contact angle (b and c)
and AFM measurements (d and e) of merely spin-coated (b and d) and
nanopatterned (c and e) surfaces. Picture of the nanopatterned PCL
film tightly adhering to the silicon substrate (f); peeling-off procedure
(g and h); final floating nanostructured film (i).
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brous structural elements that can be recapitulated in 2D
systems through ridge-groove nanograting features. Thus,
microfabrication strategies hold a great potential to reconstruct
native nano-topography both in vitro and in vivo. Photolithog-
raphy and so lithography are the most common micro-
fabrication techniques for the production of reproducible nano-
features in a variety of somaterials. Since these techniques are
usually expensive and time consuming, various nanofabrication
methods have been developed, such as electrospinning, chem-
ical etching, polymer demixing, and colloidal lithography.7,8 In
particular, plasma-surface modications are gaining popularity
in the biomedical eld, as they represent an extremely prom-
ising, economical and effective material processing technique.
This technology allows changing several properties of the
materials, such as chemical composition, wettability, chemical
inertness, metal adhesion, refractive index, hardness and
biocompatibility.9–11

Among the currently employed materials in neuro-
regeneration research, an important role is played by poly-3-
caprolactone (PCL), a well known biodegradable and biocom-
patible polyester that has been used in a variety of applications
ranging from in situ drug delivery12 to cell migration, prolifer-
ation13 and bio-scaffolds manufacturing.14 Among other tech-
niques, PCL was used in the form of electrospun nanobers,
combined with other collagens by solvent casting, for the
preparation of porous scaffolds.15 Moreover, it has been exten-
sively used to produce suitable platforms for neuronal cell
growth and proliferation.16 In the present work we describe a
novel fast-prototyping method involving a single-step plasma
treatment that allows the realization of novel PCL biocompat-
ible and bioerodible surfaces to assist the attachment and
growth of primary hippocampal neurons.

Results and discussion
Fabrication of nanopatterned PCL substrates

To achieve surface nanopatterning, PCL was etched by using a
mixed gas SF6/Ar at �5 �C, to prevent any possible partial
melting of the PCL lm during the plasma process (Fig. 1a).
When considering a biocompatible surface, the interaction
between the cell and the material is inuenced not only by the
surface topography, but also by its physicochemical properties
including surface wettability and charge. Wettability of bioma-
terials by liquid media or body uid is one of the most impor-
tant properties of a solid surface, which has to be taken into
consideration for all in vitro and in vivo cell and tissue engi-
neering applications. To estimate the surface wettability of our
nanostructured PCL substrates, we measured the contact angle
before (Fig. 1b) and aer (Fig. 1c) the plasma treatment,
obtaining values that varied from 90.5� (hydrophobicity/
hydrophilicity threshold; PCL lm on the Si wafer aer spin-
ning and so-bake) to 106.8� (low hydrophobicity; PCL lm
aer plasma roughening). The surface morphology and rough-
ness of our PCL devices were quantitatively characterized by
using atomic force microscopy. Fig. 1d and e show the 3D
Atomic Force Microscopy (AFM) images of the at and nano-
structured PCL surfaces, respectively. In the case of a just spin-
This journal is © The Royal Society of Chemistry 2014
coated and so-baked PCL surface (Fig. 1d) we obtained, for a
typical 5 � 5 mm area, a Ra value of 18.9 nm and a RMS of 30.1
nm, whilst for the same area of a nanopatterned PCL surface
(Fig. 1e), we measured a Ra of 56.8 nm and a RMS of 75.2 nm.
The Si wafer acts as a support to spin and texture the PCL lm,
providing also the stability that is required during all the
standard cell culture procedures such as sterilization, seeding
and medium exchange. The thin PCL lm attached on the
silicon substrate can be maintained successfully in the cell
culture medium for weeks (Fig. 1f). During this period, it is
always possible to carry out the peeling-off of the lm, whenever
its “free-standing” use and/or its transfer onto other substrates
is required (Fig. 1f–i).
Biocompatibility of PCL substrates with primary neuronal
cultures

In order to determine whether our nanopatterned devices were
compatible with the growth and differentiation of primary
neurons, we evaluated the viability of neural cultures grown on
at and nanopatterned PCL lms, compared to cultures grown
on standard glass supports (Fig. 2). All the substrates were pre-
coated with poly-D-lysine (see Experimental section for details),
since no neural growth was observed on either glass or PCL in
the absence of coating (data not shown). Interestingly, viability
of neural networks grown on nanopatterned substrates was
comparable to what observed under standard culture condi-
tions. On the contrary, increased cell death was apparent in
cultures grown on at PCL devices (Fig. 2b).
RSC Adv., 2014, 4, 45696–45702 | 45697
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Fig. 2 Biocompatibility of PCL substrates with primary neuron cultures. Hippocampal neurons grown on standard culture dishes (CTRL), flat and
patterned PCL substrates for 7 days were incubated in extracellular medium containing PI, FDA and Hoechst (see Experimental section) and
immediately imaged. Representative images are shown in panel a (scale bars: 50 mm). Quantitative analysis of neuronal death, shown in panel b,
was performed by calculating the percent ratio of PI-positive nuclei on total (Hoechst-positive) nuclei (PI/Hoechst) and expressed as means �
S.E.M. (n ¼ 3 independent preparations). Statistical analysis was performed by one-way ANOVA, followed by the Bonferroni post hoc test (*P <
0.05; **P < 0.001).
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With the aim of monitoring the morphology of cultured cells,
we plated neurons on poly-D-lysine coated at and nanopatterned
supports, let the cultures grow for 7 days in vitro (DIV), and
processed them for scanning electron microscopy (SEM; Fig. 3).
In agreement with our viability data, sparse neurons were
observed on at lms, which formed a scant network. Neurons
grown on nanopatterned supports were instead healthy, as
Fig. 3 SEM images of primary hippocampal cultures plated on flat (a
and b) and nanopatterned (c and d) PCL substrates. Cells were grown
for 7 days, fixed and processed for SEM. Only few cells grew on flat
films, forming a sparse network. On nanopatterned substrates, instead,
neurons were healthy, as indicated by the smooth surface of cell
bodies (asterisk) and by the dense network of neurites (arrows), which
grew in tight adhesion with the substrate. Scale bars: 5 mm.

45698 | RSC Adv., 2014, 4, 45696–45702
indicated by the smooth cell bodies, and formed a well-developed
network in close contact with the substrate.

To analyze in more detail the development of neuronal
networks grown on at and nanopatterned PCL substrates,
we processed some samples for confocal microscopy
analyzing a range of markers typically expressed in mature
neuronal cultures (Fig. 4). To visualize synaptic connections,
we analyzed the expression and distribution of the synaptic
vesicle protein synapsin I (syn I, Fig. 4a and a0); to charac-
terize the adhesion properties to the substrate, we used
antibodies to the neural cell adhesion molecule (NCAM,
Fig. 4b and b0); to get more insights into the differentiation
and functionality of the cells, we monitored the axonal
marker SMI-31 (Fig. 4c and c0) and the distribution of voltage-
dependent Na+ channels (Nav, Fig. 4d and d0). Neurons grown
onto nanopatterned PCL supports were able to form a rich
axonal/dendritic network that exhibited a dense pattern of
synaptic contacts (Fig. 4a, a0 and 4c, c0). In addition, Na+

channels localization was restricted to the axonal initial
segment, as expected (Fig. 4d and d0), thus indicating that
these cultures expressed all the components required for
proper excitability and connectivity. Of particular interest
was the pattern of NCAM immunoreactivity (Fig. 4b and b0)
that was very highly expressed in a dense and ramied
network all around the cell bodies and neurites of neurons,
testifying the very strong adhesion of the cells to the
substrates. Neurons grown on at PCL supports displayed a
similar pattern of staining, however being the network less
dense, they were characterized by more sparse synaptic
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Confocal images of primary hippocampal cultures plated on nanopatterned PCL substrates at twomagnifications (upper and lower rows).
Neurons were grown for 7 days on the substrates, fixed and processed for confocal microscopy. A range of markers typically expressed inmature
neuronal cultures were analysed, as indicated: bIII, neuronal class III b-tubulin (green channel); synI, synapsin I; NCAM, neural cell adhesion
molecule; SMI-31, phosphorylated neurofilament heavy chain; pan–Nav. pan–Na+ channels (red channel). Neurons formed a rich network,
characterized by a dense pattern of synaptic contacts. Nav localization was restricted to the axonal initial segment. NCAM-immunoreactivity
(b and b0) was highly expressed all around the cell bodies and neurites, indicating a very strong adhesion of the cells to the substrates. Scale
bars: 10 mm.
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contacts and a less prominent expression of adhesion
molecules (ESI Fig. S1†).
Nanopatterned PCL substrates promote neuronal growth

All together, our viability, electron microscopy and confocal
microscopy data suggest that surface nanopatterning promotes
the formation of healthy neural networks, possibly better than
at lms. To provide a quantitative readout of these observa-
tions, we evaluated neurite outgrowth on the various substrates
by performing Sholl analysis, which is a widely accepted
method to evaluate the complexity of neural networks (see, for
example ref. 17). As shown in Fig. 5a, neurons grown on
nanopatterned PCL substrates displayed more complex arbori-
zation compared to cells grown on at lms, thus indicating
that surface patterning could indeed promote neural adhesion
and differentiation to levels comparable to what is normally
achieved under standard culture conditions (CTRL; Fig. 5b).

Our results thus emphasize the importance of process opti-
mization for the realization of biocompatible, free-standing
lms of polymer endowed with exibility, strength and ability
to adhere to different substrates. This system of nano-
fabrication allowed us to investigate the effects of nano-
topography on neuronal cell growth providing the manufacture
of an inexpensive, reproducible and scalable pattern. Such
system consists of a fast-prototyping method involving a single-
This journal is © The Royal Society of Chemistry 2014
step physical etch performed by plasma nano-roughening
without any further chemical modication, thus consistently
reducing the time required to obtain a ready-to-use substrate.
The ultrathin PCL lms obtained by this method present a
nanoporous air surface and exhibit exibility and sufficient
mechanical strength for sterilization and clinical handling. The
nano-featured surfaces are attractive for neuronal cells because
they mimic both the mechanical and wettability properties of
the extracellular matrix. The study demonstrates that, in the
absence of other biochemical cues, the intrinsic composition
and line topography of nanopatterned PCL is sufficient to
support growth of primary neurons. Nanoscale features, intro-
duced on the polymer surface during plasma treatment, favour
cell attachment on more hydrophobic surfaces as previously
demonstrated by our group for super-hydrophobic devices.2

One appealing application for the nanopatterned supports
described in this work is the possibility to achieve directional
neuronal growth, thus possibly guiding neurites during regen-
eration processes in vivo, similar to what was obtained by
aligned chitosan–PCL bers.18 We are implementing effective
and reproducible methods to produce spatially controlled nano-
topography using stencil masks for the selective plasma etch.
Changing the topographic properties of surfaces, areas differ-
entially permissive to the adhesion of neuronal cell bodies and
processes will be realized on the biocompatible devices. In
perspective, it will be interesting to modulate neural growth and
RSC Adv., 2014, 4, 45696–45702 | 45699
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Fig. 5 Nanopatterned PCL substrates improve neurite outgrowth and
dendritic branching compared to flat PCL substrates. Hippocampal
neurons were plated, fixed at DIV 4 and stained for bIII-tubulin.
Representative images are shown in a (scale bars: 20 mm), quantitative
analysis is provided in (b). Data are expressed as means � S.E.M. (n ¼
150 cells per condition, from 3 independent preparations). Statistical
analysis was performed by one-way ANOVA, followed by the Bon-
ferroni post hoc test (*P < 0.05). A statistically significant difference
between neurons grown on CTRL and patterned PCL vs. neurons
grown on flat PCL was detected between 80 and 120 mm from the cell
bodies (indicated by the black bar). The asterisk indicates that for all the
values in the range between 80 and 120 mm there is a statistically
significant difference (P < 0.05), for both “CTRL vs. flat” and “patterned
vs. flat”.
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adhesion by changing the degree of roughness of the PCL
supports by varying the plasma etching time, the chamber
pressure and the RF/ICP electric power.

In conclusion, the nanopatterned PCL lms described in this
work represent a versatile tool for future tissue engineering
studies and an ideal material for the fabrication of nerve
conduits and patches for neuronal tissue regeneration.
Experimental procedures
PCL lms nanofabrication

The nanotexturing of poly-3-caprolactone (PCL, Sigma Aldrich
Inc.) substrates was performed by a SenTech Inductively
Coupled Plasma Reactive Ion Etch (ICP-RIE) system. A 5%
solution of PCL in tetrahydrofuran (Sigma Aldrich Inc.) was
prepared using PCL pellets (Mw ¼ 77 kDa). The pellets were
diluted in tetrahydrofuran at 60 �C through the use of a
magnetic stirrer. Aerwards, Si h100i wafers (Si-Mat) were cut by
a diamond tip in single 2 � 2 cm2 pieces, washed in acetone
(Sigma Aldrich Inc.) to remove any possible dust, rinsed in
isopropanol (Sigma Aldrich Inc.) and dried under nitrogen. The
45700 | RSC Adv., 2014, 4, 45696–45702
PCL solution was then spin-coated on a Si support at 500 rpm
for 70 s, obtaining a lm whose thickness, measured by a Veeko
Dektak prolometer, was 20 mm. The obtained sample was so
baked at 65 �C for 5 min and cooled down at room temperature
(RT). Finally, a plasma roughening was performed; the etching
was obtained using a mixed gas SF6/Ar (100 sccm/10 sccm) with
an internal chamber pressure of 5 Pa. The RF power and the ICP
source were set, respectively, to 30 W and 800 W. The temper-
ature was kept at�5 �C for the whole duration of the process (90
s) to prevent any possible partial melting of the PCL lm during
the plasma process. The AFM analysis on PCL nanostructured
surfaces was performed in air by a nanosurf atomic force
microscope in tapping mode with a single-crystal silicon tip
(nominal radius of curvature 5–10 nm; cantilever vibration
frequency �200 kHz). Scan areas were 5 � 5 mm with scan rates
of 1 Hz. For the analysis of the average roughness (Ra) and of the
mean square roughness (RMS) of the scanned surface prole,
the Gwyddion open source soware was used. The contact angle
was estimated with a KRUSS DSA100 setup by sessile drop
method using the Young–Laplace t.
Substrate preparation for cell seeding

Single nanopatterned substrates (2 cm2) were placed in 35 mm
tissue culture dishes, sterilized by immersion in ethanol (Fluka,
ethanol 02483; $99.9%), washed twice in H2O, dried in a
laminar ow hood and further sterilized by UV irradiation for 90
min. To provide the best biomimetic surface ionic charge
condition, scaffolds were immersed in Neurobasal containing
2% B27 supplement, 2 mM glutamine and antibiotics (main-
tenance medium) equilibrated with 5% CO2, 95% humidity for
at least 48 h at 37 �C. Aer removal of the maintenance
medium, substrates were coated overnight with poly-D-lysine
(PDL, Sigma Aldrich Inc.) diluted in sterile H2O to a nal
concentration of 0.1 mg mL�1. Before cell plating, PDL was
removed and substrates were washed in sterile H2O and let dry.
Hippocampal cultures

Whole brains were extracted from C57B/L6 mouse embryos at
day 18 (E18). All experiments were carried out in accordance
with the guidelines established by the European Community
Council (Directive 2010/63/EU of September 22nd, 2010) and
approved by the Italian Ministry of Health. Pregnant females
were deeply anesthetized with CO2, embryos were removed and
brains were placed in cold Hank's Balanced Salts solution
(HBSS). Aer removal of the meninges the hippocampus was
carefully dissected, incubated with 0.125% trypsin for 15 min at
37 �C andmechanically dissociated. Neurons were plated on the
PDL-coated nanopatterned substrates in Neurobasal containing
10% horse serum, 2 mM glutamine and antibiotics (plating
medium). 100 000 cells were plated on each device, in 200 ml of
plating medium. Aer 4 h, the plating medium was removed
and replaced with maintenance medium. All culture media and
reagents were from Invitrogen (Milano, Italy).
This journal is © The Royal Society of Chemistry 2014
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Viability assay

The viability of neural cultures on the various substrates was
evaluated as previously described.19 Briey, cells were incubated
for 3 min at RT in extracellular medium (EM) (NaCl 135 mM,
KCl 5.4 mM,MgCl2 1 mM, CaCl2 1.8 mM, glucose 10mM, Hepes
5 mM, pH 7.4) containing 15 mg mL�1

uoresceine diacetate
(FDA), 5 mg mL�1 propidium iodide (PI), and 3.3 mg mL�1

Hoechst-33342. Aer incubation, cells were washed once in EM
and immediately imaged. The hardware conguration for the
imaging experiments was based on a Nikon Eclipse 80i upright
microscope (Nikon Instruments, Prato Calenzano, Italy)
equipped with an epiuorescence attachment and a digital
camera Nikon DS-Ri1. Cells were imaged sequentially with DAPI
(ex 350/50, em 460/50, to detect Hoechst), EGFP (ex 480/30, em
535/40, to detect FDA uorescence), TRITC (ex 540/25, em 605/
55, to detect PI uorescence), with a 10� objective (NIKON Plan
Fluor 10�/0.30 WD 16). For every sample, at least 5 different
elds of view were acquired. FDA staining was used as a marker
of cell-membrane integrity and culture viability. For each eld,
the ratio of PI-positive (apoptotic) nuclei over the total number
of nuclei, identied by Hoechst uorescence, was calculated.
Images were analyzed by using the ImageJ soware.
Immunouorescence

The following primary antibodies were used: monoclonal and
polyclonal anti-neuronal class III b-tubulin (MMS-435P, Cova-
nce, NJ and T2200, Sigma, respectively), polyclonal anti-neural
cell adhesion molecule (NCAM, ab5032, Millipore, MA),
monoclonal anti-phosphorylated neurolament heavy chain
(SMI-310R, Covance), monoclonal anti-pan–Na+ channels
(S8809, Sigma), polyclonal anti-synapsin I (ab8, Abcam, UK).
Fluorescent-conjugated secondary antibodies were from
Molecular Probes (Invitrogen). Cells were xed with 4% para-
formaldehyde (PFA)/20% sucrose in phosphate buffered saline
(PBS) for 15 min at RT and permeabilized with 0.1% TritonX100
in PBS for 5 min at RT. Samples were blocked for 30 min in IF
buffer (2% BSA, 10% goat serum in PBS). Primary and secondary
antibodies were diluted in IF buffer and incubated for 45 min at
RT. Images were acquired at an upright Leica TCS SP5 AOBS
TANDEM confocal microscope equipped with a 40�/0.80 APO L
W UVI objective. Images were visualized and processed by using
the Leica LAS AF, ImageJ and Adobe Photoshop CS3 soware.
Sholl analysis

DIV 4 neurons were xed and stained for anti-neuronal class III
b-tubulin. Images were acquired at an upright Leica TCS SP5
AOBS TANDEM confocal microscope equipped with a 20�/0.50
W UVI objective. At least 150 cells were analyzed for each
condition from 3 independent cell culture preparations. Sholl
analysis was performed by using the Sholl plugin of ImageJ
(starting radius 10 mm, radius step size 10 mm, ending radius
200 mm).
This journal is © The Royal Society of Chemistry 2014
Scanning electron microscopy

Neurons were grown for 7 days and then xed for 1 h in a
solution of 1.2% glutaraldehyde (G5882 Sigma) in 0.1 M caco-
dylate buffer (pH 7.4) at 4 �C. Aer xation, cells were exten-
sively washed in the same buffer, and postxed for 1 h on ice in
a ltered solution of 1% osmium tetroxide (O5500, Sigma) in
cacodylate buffer 0.1 M. Aer several washes in ice-cold Milli-Q
water, xed samples were rinsed for 5 min in increasing
concentrations of ltered ice-cold ethanol (25%, 35%, 50%,
70%, 80%, 90% and 96%), followed by 2 � 15 min rinses with
ice-cold 100% ethanol. Graded dehydration with ethanol was
followed by gradual replacement with ice-cold hexamethyldisi-
lazane (52619, Sigma) that was allowed to evaporate in a fume
hood overnight. Samples were then glued with silver paint
(Pelco) to SEM stubs, coated with 10 nm gold/palladium in a
sputter coater (108 auto/SE Cressington), and observed with a
JEOL JSM-6490LA variable pressure SEM.
Conclusions

In this work, we describe a novel fabrication process to realize
nanopatterned PCL lms compatible with the survival and
growth of primary neurons. Surface patterning mimics the
structural and physical properties of the extracellular matrix,
and it is fundamental to ensure optimal adhesion, survival and
growth of neural networks. Such nanopatterned lms are
extremely promising as they are endowed with a number of
attractive properties such as the ability to adhere to different
substrates, and sufficient mechanical strength for sterilization
and clinical handling. Furthermore, the nanofabrication
procedure is fast and inexpensive, thus making our devices
easily producible on large scale. Thus, we envisage our nano-
patterned PCL lms will be employed in a number of biomed-
ical applications in the elds of tissue engineering and nervous
system regeneration.
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