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Abstract

Background: Substrate nanoscale topography influences cell proliferation and differentiation through mechanisms
that are at present poorly understood. In particular the molecular mechanism through which cells ‘sense’ and adapt
to the substrate and activate specific intracellular signals, influencing cells survival and behavior, remains to be
clarified.

Results: To characterize these processes at the molecular level we studied the differentiation of PC12 cells on
nanostructured TiO2 films obtained by supersonic cluster beam deposition.
Our findings indicate that, in PC12 cells grown without Nerve Growth Factor (NGF), the roughness of
nanostructured TiO2 triggers neuritogenesis by activating the expression of nitric oxide synthase (NOS) and the
phospho-extracellular signal-regulated kinase 1/2 (pERK1/2) signaling. Differentiation is associated with an increase
in protein nitration as observed in PC12 cells grown on flat surfaces in the presence of NGF. We demonstrate that
cell differentiation and protein nitration induced by topography are not specific for PC12 cells but can be regarded
as generalized effects produced by the substrate on different neuronal-like cell types, as shown by growing the
human neuroblastoma SH-SY5Y cell line on nanostructured TiO2.

Conclusion: Our data provide the evidence that the nitric oxide (NO) signal cascade is involved in the
differentiation process induced by nanotopography, adding new information on the mechanism and proteins
involved in the neuritogenesis triggered by the surface properties.
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Background
Cellular behavior in vivo and in vitro is heavily influenced
by the mechanical, biochemical and topographical proper-
ties of the extracellular environment where cells grow
[1-3]. In the last two decades a rapidly increasing amount
of data suggested that the modulation of topographical
and chemical cues at the nanoscale plays a relevant role in
determining cell adhesion, proliferation and differentiation
[4]. Cells in their natural environment interact with extra-
cellular matrix (ECM) components structured at the
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nanometer scale [5] and they respond to nanoscale fea-
tures when grown on synthetic substrates [6-10].
In order to elucidate the role of substrate topography

and to fabricate smart biocompatible interfaces capable
of mimicking the physiological conditions of the extracel-
lular environment, a large number of studies have been
devoted to the investigation of cell interactions with arti-
ficially produced nanostructures such as pits, pillars,
grooves, dots or random patterns obtained by chemically
or physically etching of metallic, semiconducting and
polymeric surfaces [9,11-13]. The fabrication strategies
employed to create synthetic substrates with tailored to-
pography at the nano- and microscale are essentially based
on hard and soft lithography and thus quite inefficient for
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the reproduction of the random morphology and the hie-
rarchical organization typical of the ECMs [5].
Particular attention has been concentrated on the ef-

fect of micro- and nanoscale topography on neuronal
growth and differentiation with a focus on axonal gui-
dance and neuronal regeneration [13-15]. It was ob-
served that, in addition to serving as contact guidance,
topography often works synergistically with the appropri-
ate biochemical cues to regulate differentiation as well as
proliferation [11]. Experimental results suggest that a
combination of spatial, chemical and mechanical inputs,
together with the genetic properties and protein expres-
sion in the cell, control the shape and functions of neu-
ronal cells during neuron growth and differentiation
[12,16]. Despite the large amount of data, many funda-
mental aspects remain to be clarified and, in particular,
the molecular mechanism through which cells ‘sense’ and
adapt to the surface of the adhesion and activate specific
intracellular signals influencing cell survival, proliferation
and differentiation.
The rat pheochromocytoma (PC12) cell line has been

widely used as a neuronal model system to study neu-
ronal differentiation and specific growth factor signaling
mechanisms. When stimulated with nerve growth factor
(NGF) these cells assume many of the features of sympa-
thetic neurons including cell cycle arrest, survival in
serum-free medium, and neurite extension [17-22].
Beside NGF, which is the classical inducer of differenti-
ation, cAMP-elevating agents, such as Pituitary Adenylate
Cyclase Activating Polypeptide (PACAP), dorsomorphin
and forskolin, promote growth arrest and neuritogenesis
[13,23]. In NGF-free media, proteins in the extracellular
matrix [24,25], electric stimulation [26] and electroactive
surfaces [27] are reported to promote neurite outgrowth.
In PC12 cells, the extension of neurite is one hallmark of
the neuronal phenotype, along with cessation of prolifera-
tion and production of specific neurotransmitters such as
nitric oxide (NO) [28]. It has been demonstrated that
NGF induces NO production by the induction of all three
nitric oxide synthases (NOS) isoforms [29] and that, in the
absence of NGF, NO itself has the ability to produce
neurite outgrowth by extracellular signal-regulated kinase
(ERK) activation through NO-cGMP-PKG pathway [30].
Many authors suggest that nanotopographic guidance

cues act cooperatively with NGF to regulate both the
generation and the orientation of neurite even under
conditions of sub-optimal NGF concentration [13-15].
Using nanostructured substrates, Ferrari et al. showed
that in PC12 cells, stimulated by various factors inclu-
ding NGF, neuronal polarization and contact guidance
are based on a geometrical constraint of focal adhesions
and that the maintenance of the established polarity
is independent from NGF stimulation while strictly
dependent on the topography of the substrate [14]. Their
results suggest that different neurotrophic molecules can
modulate, by the selective activation of specific mole-
cular pathways, contact guidance and the underlying
establishment of cellular adhesions with the substrate.
Therefore, the reading of the topographical guidance
cues can be considered a function of the molecular dif-
ferentiation pathway active in the cell [13].
Recently Lamour et al. proposed that the physical

properties of the substrates can be considered as a new
kind of stimulus by observing that surface free-energy
gradients at the nanoscale [31,32] trigger neuritogenesis
of PC12 cells in the absence of NGF or other inducers.
They hypothesized that PC12 cells would respond to
surface properties by secreting an unknown factor that
may favor neuritogenesis, however they did not provide
elements to clarify the mechanisms and the proteins
involved in the physical signaling.
To address how the nanoscale stimuli distribution on a

substrate is transduced into a signaling cascade, we stu-
died the differentiation of PC12 cells on nanostructured
Titania substrates fabricated by nanoparticle assembling.
Our bottom-up approach, based on supersonic cluster
beam deposition (SCBD) [33], offers the possibility to
fabricate nanostructured TiO2 (ns-TiO2) films resulting
from a random stacking of nanoparticles and characte-
rized by a granularity and porosity mimicking those of
ECM structures [34-38].
By exploiting these properties we used ns-TiO2 with

tailored nanoscale roughness to grow PC12 in the pres-
ence and in the absence of the classical inducer of dif-
ferentiation NGF in order to characterize the role of
nanotopography on cell differentiation. The observed
neuritogenesis triggered by the topography of ns-TiO2 in
the absence of NGF has been studied with particular
focus on the expression of NOS and the pERK1/2 signa-
ling pathway. The human neuroblastoma SH-SY5Y cell
line, which responds to retinoic acid [39], chronic NGF
[40] or brain-derived neurotrophic factor (BDNF) [41],
has also been used to verify if the nitration of proteins in-
duced by nanotopography is specific for PC12 cells or can
be considered a general effect in neuronal-like cell types.

Methods
Materials
β-mercaptoethanol, methanol, glycine, Na2HPO4, NaH2PO4,
NaCl, bromophenol blue, Immobilon™-P Polyvinylidene
Difluoride Membranes were purchased from Sigma-Aldrich,
Inc. (Saint Louis, Missouri, USA). Nitrocellulose Membrane
and Reagent Western Blot ECL Plus were obtained from GE
Healthcare (Buckinghamshire, UK). Precision Plus Protein
WesternC standards were purchased from Bio-Rad Labora-
tories, Inc. (Hercules, California, USA).
The primary antibodies used were mouse monoclonal

anti-nitroTyr (32–1900) (Invitrogen, Camarillo, California,
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USA); mouse monoclonal anti-actin (A3853) (Sigma-
Aldrich, Saint Louis, Missouri, USA); mouse monoclonal
[DM1A] anti- alpha-tubulin (ab7291), rabbit polyclonal
anti-NOS (ab3342), rabbit polyclonal anti iNOS (ab95441),
rabbit monoclonal [EP695Y] anti-FAK (ab40794) (Abcam,
Cambridge, UK); mouse p44/42 MAPK (Erk1/2) (9102)
and mouse Phospho-p44/42 MAPK (Erk1/2) (Thr202/
Tyr204) (Cell Signaling, Danvers, Massachusetts, USA).
Referring to anti-NOS from Abcam, the antibodies utilized
detect: mouse macrophage iNOS; rat, bovine, drosophila,
porcine brain NOS; human, porcine, bovine eNOS.

Substrates
Poly-L-Lysine-coated glass cover slips (64MU4113, Colaver,
Milano, Italy) and microcrystalline TiO2 films were used as
reference samples for cell culture. Flat TiO2 films were
grown on glass slides by electron beam evaporation of a
titanium target. The evaporated metal was partially oxi-
dized during the deposition and almost fully oxidized in
subsequent air exposure. To complete the oxidation and
remove contaminants, these substrates were subjected to
the same annealing process applied to nanostructured
films, as described below.
Cluster-assembled ns-TiO2 substrates were grown on

clean glass slides by SCBD using a Pulsed Microplasma
Cluster Source (PMCS), as described in detail in [33].
Briefly, the PMCS operation principle is based on the
ablation of a titanium rod by an argon plasma, ignited
by a pulsed electric discharge [42]. The ablated species
thermalize with the argon and condense to form clus-
ters. The mixture of clusters and inert gas is then
extracted in vacuum through an aerodynamical focusing
assembly to form a seeded supersonic beam [43], the
clusters are then collected on a substrate located in the
beam trajectory. Since the clusters kinetic energy is low
enough to avoid fragmentation, the nanoparticles impin-
ging on the substrates maintain their original structure
and, via random stacking, a nanostructured film is
grown [44]. The deposition process takes place under
high vacuum thus allowing the partial oxidation of the
Ti clusters, further oxidation is obtained upon air expos-
ure to atmospheric conditions and it is completed with a
mild annealing for two h at the temperature of 250°C
under a continuous flux of dry air. The annealing pro-
cedure has the further purpose of removing adsorbed
species on the sample surfaces.
Film roughness was measured by Contact Stylus

Profilometry (Dektak Veeco); the surface morphology
was characterized by atomic force microscopy (AFM-
Digital Instruments Nanoscope multimode IV). The
AFM is equipped with rigid cantilevers with single-
crystal silicon tips (nominal radius 5–10 nm) and oper-
ated in Tapping Mode. Typically, several (4–6) 2 μm×
1 μm images (2048 × 1024 points) were acquired on each
sample, and flattened by line-by-line subtraction of first
and second-order polynomials in order to get rid of the
tilt of the sample and of the scanner bow. From flattened
AFM images, the average nanoscale root-mean-square
roughness and specific area parameters were calculated.
The electronic structure of as-deposited and annealed

ns-TiO2 was characterized in a UHV (1 · 10-9 mbar) ap-
paratus Leybold LHS 10/12 equipped with a hemispherical
electron analyzer and conventional X-ray source (Al Kα =
1486.7 eV). The high-resolution spectra were acquired in
constant pass-energy mode Epass = 30 eV with an overall
energy resolution of 1.0 eV. All spectra are referenced to
the Fermi level and the binding energy scale is calibrated
via the Au 4f5/2 core level line (located at 88.5 eV) of a
clean polycrystalline Au sample. No charging effects on
the samples under investigation were observed during all
the measurements. The line shapes were fitted with mixed
singlets obtained by a linear combination of a Gaussian
and a Lorentzian profiles sited on a Shirley background.

Cell culture and analysis
Cell culture
Rat PC12 cells (PC-12 Adh ATCC Catalog no.CRL-
1721.1TM) were used as a model to test nanostructured
surface effect on cell differentiation because of their fac-
ulty to assume neuronal phenotype (i.e. extension of
neurites) responding to some stimuli, as (NGF). The hu-
man neuroblastoma SH-SY5Y cell line, which responds to
retinoic acid, chronic NGF or BDNF, has been also used
in some experiments. After annealing the glass cover slips
coated with ns-TiO2 or flat TiO2 were sterilized by expo-
sure to UV light (15 W UV lamp) for 30 min. Sterilized
glass pre-coated with Poly-L-Lysine 0.01% solutions
(Sigma-Aldrich) were used as positive controls.
PC12 were maintained in RPMI-1640 Medium (Sigma-

Aldrich) supplemented with 10% horse serum (HS;
Sigma-Aldrich), 5% fetal bovine serum (FBS; Sigma-
Aldrich), 2 mM l-glutamine, 100 units/mL penicillin,
100 μg/mL streptomycin, 1 mM pyruvic acid (sodium
salt) and 10 mM Hepes in 5% CO2, 98% air-humidified
incubator (Galaxy S, RS Biotech, Irvine, California, USA)
at 37°C. Cells were detached from culture dishes using a
solution 1 mM EDTA in HBSS (Sigma-Aldrich), centrifuged
at 1000 x g for 5 min, and resuspended in culture medium.
Subcultures or culture medium exchanges were routinely
established every 2nd to 3rd day into Petri dishes (Ø 10 cm).
During the experiment the PC12 were suspended in low
serum medium (1% HS) added with 50 ng/mL NGF,
2 mM S-methylisothiourea (SMT) (selective inducible
NOS inhibitor) (Sigma-Aldrich), 10 μM U0126 (MEK
kinase inhibitor) (Promega, Milano, Italy) and control sol-
vent where specified, and seeded at a cell density of 5–20 ×
104/cm2 for nitration, proliferation, neurite and NOS inhibi-
tor analysis. Following seeding, cells were maintained in 5%
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CO2, 98% air-humidified incubator at 37°C, and the
medium was exchanged every 24 and 48 h after Phos-
phate Buffered Saline (PBS) wash. For nitration analysis,
cells were seeded on rectangular glass slides (25 ×
75 mm, Thermo Fisher Scientific, Milano, Italy) and cul-
tured into 4-well rectangular dishes (Thermo Fisher Scien-
tific). For all other analyses, cells were seeded on round
cover glass (13 mm diameter, TAAB) and cultured into
24 well test plates (TPP). SH-SY5Y cells were maintained
in RPM1 supplemented with 10% FCS, 1% pen/strep and
1% L-glu either on glass coverslips or nanostructured sub-
strates, in the absence of growth factors. To label neurites,
immunocytochemical staining for the protein Synaptosomal-
associated protein 25 (SNAP-25) was carried out, using
described methods [45].

Measurements and analysis
Cells were imaged using an inverted phase contrast
microscope (Axiovert 40 CFL; Zeiss), digital images were
acquired with an AxioCam ICm1 (Zeiss) at different
magnifications (Objective: LD A-Plan 20x/0.30 Ph1 and
LD A-Plan 40×/0.50 Ph2) and measurements were made
by ImageJ 1.44p software. The neurite length and diffe-
rentiation rate were evaluated according to the following
definition: the length was the straight-line distance from
the tip of the neurite to the junction between the cell
body and neurite base. In the case of branched neurites,
the length of the longest branch was measured. For each
cover glass, 20 and 40× images were acquired randomly
by scanning the wells, measuring in each image: N, as
total number of cells; n, as number of cells with the
neurite longer than 20 μm (cells considered positive for
neurite extension); l, as neurite length in μm; R, as diffe-
rentiation rate determined by the equation R = 100 * n / N.
Cell spreading assay: For each cover glass, 10 and 20X
images were acquired randomly by scanning the wells
and the cell density for cm2 was measured. Neurite
length is presented as arithmetic mean normalized for
not differentiated cell number. Each substrate type was
tested 3 times with at least 100 cells considered. All data
are expressed as sample arithmetic mean ± S.E.M. Signifi-
cance of differences was determined using one-way
ANOVA and Tukey post hoc test (* p < =0.05; ** p < =0.01).

Immunofluorescence staining
Immunofluorescence studies were performed after 48 h
from PC12 cells culture on flat TiO2 substrate, ns-TiO2

substrates (20 nm rms roughness) and PLL-glass (con-
trol). Samples were fixed and immunostained for F-actin
(the actin polymer form) using an AlexaFluor555 Phal-
loidin probe (1:60; Life Technologies). Briefly, at room
temperature cells were rinsed with PBS and fixed with
4% paraformaldehyde in PBS for 15 min; after washing,
cells were permeabilized with permeabilization buffer
(PBT) containing 0.2% BSA (Albumin from Bovine
Serum, Fraction V, Biochemical) and 0.1% Triton X-100
for 1–5 min, blocked with 2% BSA for 1 h, stained for
actin for 40 min at room temperature. Samples were
rinsed twice with PBS and nuclear labeling was
performed by 4′,6-diamidino-2-phenylindole (DAPI).
Samples were rinsed twice with PBS, mounted with 90%
glycerol and sealed. Fluorescent images were obtained
with a Leica Confocal Microscopy TCS SP2.

Lysate preparation and Western blot analysis
For preparation of whole-cell extracts, cells from cul-
tures exposed to NGF from zero to 2 days were washed
with PBS and extracted for 10 min at room temperature
with sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) sample buffer (2% w/v SDS, 10% v/v gly-
cerol, 5% v/v β-mercaptoethanol, 0.001% w/v bromophenol
blue, and 62.5 mM Tris, pH 6.8), then the fraction was col-
lected. To separate cytosolic and cytoskeletal-associated
proteins cells were washed with PBS and extracted for
10 min at room temperature with PEM buffer (85 mM
Pipes, pH 6.94, 10 mM EGTA, 1 mM MgCl2, 2 M glycerol,
1 mM PMSF, 0.1 mM leupeptin, 1 μM pepstatin, 2 μg/mL
aprotinin) containing 0.1% v/v Triton X-100, then the frac-
tion was collected. The obtained Triton X-100-soluble frac-
tions were diluted 3:1 with 4X SDS-PAGE sample buffer.
The insoluble material remaining attached to the dish was
scraped into SDS-PAGE sample buffer. Equal proportions
of each fraction, representing proteins from the same
number of cells, were separated by SDS-PAGE [46].
For Western blot analysis cell lysates were resolved by

SDS-PAGE, transferred to nitrocellulose or Immobilon™-P
membranes, and probed with respective antibodies fol-
lowed by horseradish peroxidase-conjugated secondary
antibodies and detected by Enhanced Chemiluminescence
method. The density of each band was estimated using the
scanner GS-800 and analysis program Quantity-OneTM
from BioRad Laboratories (Hercules, California, USA).

Liquid chromatography electrospray tandem mass
spectrometry (LC–ESI-MS/MS) and database analysis
For mass spectrometry analysis PC12 cell homogenates
were separated by SDS-PAGE and digested in situ by
trypsin as previously described [46]. In particular, follow-
ing SDS-PAGE, each lane was cut in 2 mm bands and
de-stained in 0.1% trifluoroacetic acid: acetonitrile 1:1
before drying. Gel pieces were rehydrated with trypsin
(sequence grade, Sigma-Aldrich) solution (0.2 μg tryp-
sin/band in 100 μl 50 mM ammonium bicarbonate, 9%
acetonitrile), and incubated overnight at 37°C. Peptides
were extracted from the gel using 0.1% trifluoroacetic acid:
acetonitrile 1:1. The material was dried, resuspended in
10 μL 0.3% v/v formic acid and desalted using Zip-Tip C18
(Millipore) before mass spectrometric (MS) analysis.
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Samples were separated by liquid chromatography
using an UltiMate 3000 HPLC (Dionex, now Thermo
Fisher Scientific). Buffer A was 0.1% v/v formic acid, 2%
acetonitrile; buffer B was 0.1% formic acid in aceto-
nitrile. Chromatography was performed using a PepMap
C18 column (15 cm, 180 μm ID, 3 μm resin, Dionex).
The gradient was as follows: 5% buffer B (10 min),
5%-40% B (60 min), 40%-50% B (10 min) 95%B (5 min)
at a flow rate of 1.2 μL/min. Mass spectrometry was
performed using a LTQ-Orbitrap Velos (Thermo Fisher
Scientific) equipped with a nanospray source (Proxeon
Biosystems, now Thermo Fisher Scientific). Eluted pep-
tides were directly electrosprayed into the mass spec-
trometer through a standard non-coated silica tip (New
Objective, Woburn, MA, USA) using a spray voltage of
2.8 kV. The LTQ-Orbitrap was operated in positive mode
in data-dependent acquisition mode to automatically al-
ternate between a full scan (m/z 350–2000) in the
Orbitrap and subsequent CID MS/MS in the linear ion
trap of the 20 most intense peaks from full scan. Two
replicate analysis of each sample were performed. Data
acquisition was controlled by Xcalibur 2.0 and Tune 2.4
software (Thermo Fisher Scientific).
Searching for nitrated proteins against the rat NCBInr

database (release February 15, 2012) was performed
using the Sequest search engine contained in the Prote-
ome Discoverer 1.1 software (Thermo Fisher Scientific).
The following parameters were used: 10 ppm for MS
and 0.5 Da for MS/MS tolerance, carbamidomethylation
of Cys as fixed modification, Met oxidation, Tyr nitra-
tion, Trp nitration and Ser/Thr/Tyr phosphorylation as
variable modifications, trypsin (2 misses) as protease,
False Discovery Rate for peptides 5% (against decoy),
nitrated peptides identified amongst the Rank 1 peptides.

Results and discussion
Substrate characterization
Figure 1(A) (a)-(c) report the AFM characterization of
glass and flat TiO2 substrates: Poly-L-Lysine coated glass
has a calculated rms roughness of 0.271 ± 0.020 nm,
whereas flat TiO2 films show a rms roughness of 0.229 ±
0.004 nm. Figure 1(d)-(g) show SEM and AFM images
of cluster-assembled ns-TiO2 films with roughness of
20.2 ± 0.5 nm and 29.1 ± 1 nm respectively (corres-
ponding to 50 nm and 200 nm film thickness). The ran-
dom stacking of nanoparticles on substrates resulting
from SCBD produces films with a homogeneous nano-
scale porosity and roughness: the nanoparticles landing on
the substrate stick on the surface of the growing film with-
out any relevant diffusion or re-arrangement as it is typical
of a ballistic deposition regime [36,47]. Ns-TiO2 substrates
have been evaluated in terms of the reproducibility
and control of their structural (morphology) and physico-
chemical properties by accurate statistical intraslide/
interslide data, showing an extremely good reproducibility
among different production batches [37].
The core level photoelectron spectra at O 1 s and Ti 2p

edges of nanostructured and flat TiO2 before and after the
moderate annealing are shown in Figure 1(B). For sake of
clearness the spectra of each edge have been normalized
to the peak intensity. The spectra of ns-TiO2 appear to be
noisier, attesting a larger scattering of the photoelectron
emitted from the nanostructured surfaces. The peak posi-
tions of Ti 2p1/2 and Ti 2p3/2 fall at 465.3 eV and 459.6 eV
respectively, corresponding to Ti(IV) bound to oxygen.
The Ti 2p peaks before annealing are slightly asymmetric
because of surface contamination, as OH group, which
is significantly removed after thermal treatment. The
FWHM of Ti2p3/2 is 1.8 eV, that is slightly larger than
“defect-free” titanium dioxide single crystal (FWHM =1.25)
as expected for ns-TiO2 samples having a not negligible
amorphous fraction. In the O1s binding energy region, the
peak at 531.1 eV (FWHM = 1.8 eV) corresponds to O 1 s
core-level of oxygen atoms bound to Ti(IV), whereas the
broad shoulder at higher binding energies, 533.5 eV, is
mainly due to the usual oxygen sources of contaminants
such as physisorbed water and carbon bounded to oxygen.
The stoichiometry evaluation assesses the fully oxidation of
the nanostructured and flat films.
The authors have carried out many surface characterization

of the cluster assembled titanium dioxide and the effect of
nanoscale roughness on film wettability and isoelectric point
has been also characterized, as reported in detail in [48-50].

TiO2 nanotopography triggers neuritogenesis in the
absence of NGF
To test the role of the nanoscale morphology of ns-TiO2 in
promoting neurite formation, PC12 cells were cultured on
flat TiO2 and cluster-assembled ns-TiO2 substrates (20 nm
and 29 nm rms roughness) either in NGF-free medium or
in the presence of 50 ng/mL NGF and neurite formation
was scored after 2 days (PLL-glass and flat microcrystalline
TiO2 were used as control). Figure 2(A-H) shows phase
contrast optical images with 10X magnification of PC12
cells cultured for 48 h on PLL-Glass (A) and (B), flat TiO2

(C) and (D), ns-TiO2 20 rms (E) and (F) and ns-TiO2

29 rms (G) and (H) with the following conditions: low
serum medium (1% horse serum) only (A, C, E and G)
or with 50 ng/mL NGF (B, D, F and H). As shown in
Figure 2(E) and (G), PC12 cells cultured on ns-TiO2

undergo neurite expansion in NGF-free medium. After
2 days of culture neurites extend up to 103.74 μm or
154.68 μm on 20 and 29 nm rms roughness, respectively.
The presence of NGF in the culture medium does not
alter significantly the cell behavior: the length and number
of the neurites observed are comparable between NGF-
free and NGF-added medium on the same ns-TiO2 sub-
strate as shown in Figure 2(I and L) where the neurite
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Figure 1 AFM images and photoemission spectra. (A) AFM images of reference and nanostructured samples. Reference samples: a) coverslip
(1 x 1 μm2), rms roughness is 0.343 ± 0.004 nm; b) Poly-L-Lysine coated coverslip (1 x 1 μm2), rms roughness 0.271 ± 0.020 nm; c) flat TiO2

(2 x 1 μm2), rms roughness of 0.229 ± 0.004 nm. The vertical color scales range between 0 and 10 nm. Nanostructured samples: d) and e) high
resolution SEM images and f) and g) AFM topographies (2 x 1 μm2) of 50 nm and 200 nm thick nanostructured TiO2, respectively. The roughness
of the thinner film has been evaluated 20.2 ± 0.5 nm, whereas of the thicker film 29.1 ± 1 nm. The ns-TiO2 films clearly appear to have a fine
raster of nanometer-sized grains with porosity at the subnanometer scale and with the thicker film showing larger height fluctuations. (B). O1s
and Ti 2p photoemission spectra before and after thermal annealing of flat and ns-TiO2 films. Ti 2p1/2 and Ti 2p3/2 peaks fall at 465.3 eV and
459.6 eV respectively (Ti(IV) bound to oxygen) and O 1 s peak shows two components one at 531.1 eV (oxygen bound to Ti(IV)) and the other at
533.5 eV (oxygen bound to contaminants).
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length distributions and the cell differentiation rate are
reported. No significant differences in cell behavior were
observed between 20 and 29 nm rms roughness ns-TiO2

surfaces in NGF-free medium. In contrast to the differen-
tiation pattern observed on nanostructured Titania sub-
strates, PC12 cells extended neurites on a PLL substrate
and flat Titania only when medium was supplemented
with NGF (Figure 2). Interestingly, neurite formation on
PLL-glass upon NGF was equivalent to that detected on
ns-TiO2 films in terms of both length and differentiation
rate (Figure 2(L)), while cells grown on flat Titania in the
presence of NGF show a similar differentiation rate but
shorter elongation length (Figure 2(I)).
PC12 cells have been reported to require continuous

NGF treatment for differentiation, survival and the
phenotypic maintenance of the differentiated state; fol-
lowing cell growth longer than 2 days on ns-TiO2 sub-
strates we observed that cells can survive up to 7 days
on these surfaces as on glass in the presence of NGF.
It has been very recently demonstrated that adhesive

proteins of the ECM linked with the expression of focal
adhesion kinase (FAK), like collagen, fibronectin and
laminin, have a profound impact on PC12 cell neurite
extension [25]. On the other hand, in PC12 cells grown
on biomaterials, such as highly disordered CH3/OH sub-
strates, neuronal adhesion and differentiation mainly
depend on nanoscale surface free-energy gradients
[32]. To further demonstrate the correlation between
nano-topography of TiO2 and cell differentiation, we
evaluated FAK expression and actin cytoskeleton
rearrangements in PC12 cells cultured on PLL-glass,
on ns-TiO2 (20 nm rms) and on flat microcrystalline
TiO2. As shown in Figure 3, PC12 cells seeded on ns-
TiO2, without NGF treatment, underwent actin cytoskel-
eton reorganization associated to an increase in FAK ex-
pression. As expected, the addition of NGF leads to an
increase in FAK expression also in cells seeded on
PLL-Glass and on flat-TiO2, while the concomitant pres-
ence of two different stimuli (NGF and nano-structure)
results in a decrease in FAK expression as compared to
cells grown on ns-TiO2 without NGF, an effect that is
worth investigating in more details in the future.
Compared to ref [32], our surfaces are characterized

by a significant nanoroughness which has a critical
influence on the observed behavior of PC12. In parti-
cular we underline the fact that protein adsorption is
directly influenced by roughness at the nanoscale (as
quantitatively reported and discussed in [38]), this again
supporting the conclusion that the morphological cue is
predominant in our system.
Altogether, these results strongly suggest that: a) nano-

structure triggers neuritogenesis in the absence of other
inducers, b) the phenomenon is related to the nanoscale
topography of the surface, c) once triggered by surface
roughness, neuritogenesis is unaffected by the addition
of NGF. This implies that, in our model, topography
may substitute NGF but does not act cooperatively with
the chemical stimulus to promote neuritogenesis upon
differentiation.
Our results are in remarkably good agreement with

the observations reported by Lamour et al. using chem-
ically modified glass surfaces as substrate for cell growth
in the absence of NGF and with previous reports show-
ing that NGF is not necessary to initiate PC12 cells dif-
ferentiation [31,32].

TiO2 nanotopography promotes the expression of nitric
oxide synthase (NOS) and cytoskeletal proteins nitration
NO is a signaling molecule involved in NGF-induced
differentiation of PC12 cells [51]. NO triggers a switch
to growth arrest and neuronal differentiation [29] and it
modulates neuritogenesis by regulating signaling path-
ways through several mechanisms [52] such as binding
to heme or iron sulphur sites in regulatory proteins [53]
or by modifying tyrosines in cytoskeletal proteins
[37,54-56]. Unlike most other endogenous messengers
that are deposited in vesicles, NO cannot be stored in-
side the cells, rather its signaling capacity must be con-
trolled at the level of biosynthesis and local availability
[57]. Nitric oxide synthases (NOS) are a family of en-
zymes which synthesize NO through the catalytic con-
version of L-arginine to L-citrulline. In PC12 cells there
are two forms constitutively expressed, the endothelial
(eNOS) and the neuronal (nNOS), which are regulated
by the cytosolic concentration of Ca2+ [58] and an indu-
cible isoform (iNOS) which is predominantly involved in
the production of NO preceding the development of the
differentiated phenotype induced by NGF [29]. The



Figure 2 (See legend on next page.)
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(See figure on previous page.)
Figure 2 Effect of nanostructured TiO2 surface on neurite formation in PC12 cells. (A-H) Phase contrast photographs 10X magnification,
Bar = 50 μm. PC12 cells were cultured for 48 h in low serum medium (1% horse serum) only (A, C, E and G) or with 50 ng/mL NGF (B, D, F
and H) on four kinds of substrates: G-PLL (A, B), flat TiO2 (C, D), ns-TiO2 20 nm rms (E, F) and ns-TiO2 29 nm rms (G, H). (I-L) Histograms of the
neurite length mean and differentiation percentage. Histograms of the neurite length mean (I) and differentiation percentage (L) for each
condition shown in A-H. G-PLL + NGF elongation length mean and differentiation values are not statistically significantly different from ns-TiO2

20 nm rms and ns-TiO2 29 nm rms. * p < 0.05, ** p < 0.01, one-way ANOVA with Tukey’s post hoc test.
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three isoforms co-localize directly or indirectly with the
cytoskeleton, including actin microfilaments, microtu-
bules and intermediate filaments [59].
To uncover the molecular mechanism through which

nanotopography leads neuritogenesis in PC12 cells
grown on ns-TiO2, we tested the hypothesis that NO
may be involved in the process through the increase of
NOS expression. This was checked by Western blot ana-
lysis using either general NOS antibodies as well as
iNOS specific antibodies. The results, summarized in
Figure 4(A and B), respectively, clearly show that the
expression of the enzyme is increased in cells grown on
nanostructured TiO2 similarly to the level observed on
PLL-glass following NGF addition. On the contrary, cells
grown on a flat TiO2 surface show a behavior almost over-
lapping the one of cells grown on PLL-glass (Figure 4(A)).
These finding suggest that the morphology of the sub-
strate modulates iNOS expression which is involved in cell
differentiation as previously reported in PC12 cells grown
on PLL-glass [29]. Moreover, based on the results reported
in Figure 4(A) using general NOS antibodies which can
detect iNOS as well as eNOS and nNOS, we do not ex-
clude that, besides iNOS, other NOS isoforms can be in-
volved in the process triggered by nanoscale roughness.
Accordingly, it should be pointed out that, even if the ex-
pression of the constitutive NOS isoforms were not al-
tered, their activity may be increased by nanoroughness
contributing to neurite outgrowth. In this regards, recent
findings clearly demonstrated that β-actin associates with
eNOS and modulates NO production shifting the en-
zymatic activity from superoxide formation toward NO
production [60].
To further confirm the involvement of NOS in the dif-

ferentiation process induced by nanotopography in the
absence of other stimuli, we checked for possible post-
translational modifications of proteins in PC12 cells
grown on ns-TiO2 induced by the production of NO.
In particular, we focused our attention on Tyr/Trp ni-

tration since we previously reported that NGF triggers
protein nitration during neuronal differentiation and
that cytoskeleton becomes the main cellular fraction
containing nitrated proteins [46].
The protein nitration was evaluated by means of anti-

nitroTyr antibodies (Figure 4(C)) as well as by tandem
mass spectrometry (Table 1) on the Triton insoluble
fraction of PC12 cells, which is enriched in cytoskeletal
components. Figure 4(C) shows that, in keeping with the
results previously reported, PC12 cells grown on PLL-
glass present a basal level of protein nitration which
increases upon NGF induced differentiation at a level
similar to the one evaluated for PC12 cells grown on ns-
TiO2 independently from the presence of the inducer
NGF. The behavior of PC12 cells grown on flat TiO2, on
the contrary, is identical to the behavior of cells grown
on PLL-glass where the increase in protein nitration
is induced by NGF, thus suggesting that the nano-
roughness is involved in the nitration process.
The identification of the proteins found nitrated in

PC12 cells grown on different TiO2 substrates in NGF
free media was carried out by tandem mass spectrom-
etry looking for peptides containing at least one nitra-
tion at Tyr and/or Trp residues. In keeping with the
previous findings [46], many of them are components
of the cytoskeleton as shown in Table 1, which reports
the list of the cytoskeletal proteins found nitrated in
such conditions. As reported in [46,62] alpha-tubulin,
and actin are among the major target of this post-
translational modification which may confer increase
stability to cytoskeleton during neuronal differentiation
[63]. Therefore, the expression of tubulin and actin were
specifically evaluated using the corresponding antibodies
while their Tyr nitration was checked following stripping
of the membrane and reprobing with anti-nitroTyr
antibodies. The results are summarized in Figure 5
where the ratio between nitration and expression is
reported for each protein tested. The pattern of their
nitration follows the same pattern reported above for
protein nitration in general (Figure 4(C)) confirming
that the nanoscale roughness induces nitration in the
absence of NGF.

Effect of NOS inhibitor on PC12 cells grown on
nanostructured TiO2

To ascertain that NOS is critical in PC12 cell differenti-
ation triggered by the substrate nanostructure, cells
were grown in the presence of NOS inhibitor SMT. As
shown in Figure 6, PC12 cells cultured under control
conditions on PLL-glass undergo neurites expansion and
differentiation only in the presence of NGF and both
processes are hampered by incubation with SMT. The
same effect was observed when PC12 cells were cultured
on ns-TiO2 of 20 nm rms roughness in NGF-free medium:



Figure 3 Effect of nanotopography on FAK expression and
actin cytoskeleton rearrangement. (A) FAK expression was
evaluated by Western blot using anti-FAK antibodies in PC12 cells grown
on PLL-coated glass (G-PLL), flat Titania (flat TiO2) and nanostructured
Titania (20 nm rms ns-TiO2) in the presence and in the absence of
50 ng/mL NGF. The results are means of 2 different experiments. (B):
Stress fiber organization after 48 h of culture in low serum media on
different substrates and conditions: G-PLL (A), G-PLL +NGF (B), flat TiO2

(C) and 20 nm rms ns-TiO2 (D). Actin (red) and nucleus (blue)
fluorescent staining.
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Figure 6(D-G) clearly show that prevention of neurite
growth and differentiation is induced by SMT also under
this growing condition at an extent similar to the one
observed on PLL-glass. Altogether, these results clearly
suggest that NOS is involved in cell differentiation ob-
served in PC12 cells grown on ns-TiO2 without NGF. In
particular, since iNOS has been described as the enzyme
predominantly involved in the production of NO preced-
ing the development of the differentiated phenotype in-
duced by NGF in PC12 cells grown on PLL-glass, the
results suggest that iNOS is involved in the differentiation
process also in our experimental system. This is in keeping
with the data of NOS expression reported in Figure 4 and
confirms our hypothesis that nanotopography mimics the
effect of NGF, promoting NOS expression and cytoskel-
etal protein nitration.
Effect of nanostructured TiO2 on the human
neuroblastoma SH-SY5Y cell line
We then aimed at defining whether the effects produced
by nanostructured TiO2 on neurite growth was specific
for PC12 cells or was a generalized effect produced by
the substrate on different neuronal-like cell types.
Therefore, we studied the behaviour on glass or ns-TiO2

20 nm and 29 nm rms roughness of SH-SY5Y human
neuroblastoma cells which are considered as in vitro cell
model of dopaminergic neurons and have been widely
studied as cell model for Parkinson’s disease (reviewed
in [64]). As shown in the case of PC12 cells, neuroblast-
oma cells grown on 20 or 29 nm rms ns-TiO2 displayed
longer neuritis with respect to cells grown on glass or
on flat substrates, as revealed by bright field examination
(Figure 7A), as well as by the staining for the protein
SNAP-25 (Figure 7B) [65]. The neurite length distri-
butions analysis showed an evident shift of the normal
distribution toward higher length values. No difference
between different ns-TiO2 roughnesses was observed
(Figure 7A and C). Western blot analysis by anti-
nitroTyr antibodies, shows that there is an increase in
protein nitration triggered by the ns-TiO2 as described
above in PC12 cells (Figure 7D) suggesting that this
behavior is common to different neuronal-like cell types.



Figure 4 Topography of TiO2 promotes the expression of nitric oxide synthase (NOS) and cytoskeletal proteins nitration. NOS (A) and
iNOS (B) expression were evaluated by Western blot analysis using anti-NOS and anti-iNOS antibodies in PC12 cells grown on PLL-coated glass
(G-PLL), flat Titania (flat TiO2) and nanostructured Titania of different roughness (20 nm and 29 nm rms) in the presence and in the absence of
50 ng/mL NGF. (C) Western blot analysis using anti-nitroTyr antibodies allows to detect nitrated proteins in the Triton insoluble fraction of PC12
cells grown on PLL-coated glass (G-PLL), flat Titania (flat TiO2) and nanostructured Titania of different roughness (20 nm and 29 nm rms) in the
presence and in the absence of 50 ng/mL NGF. Equal amounts of lysates (70 μg) were loaded on SDS-PAGE and probed with antibodies as
indicated in the Methods section. The results are means of 3 different experiments.

Tamplenizza et al. Journal of Nanobiotechnology 2013, 11:35 Page 11 of 20
http://www.jnanobiotechnology.com/content/11/1/35
Interestingly, in SY5Y cells evidence in literature indi-
cates that marked increases in the levels of nitrated pro-
teins induce apoptotic cell death [64]. We show here that
modest induction of protein nitration induces instead
increased neuritogenesis in the same cell line.
Involvement of ERK signaling cascade in nanostructured-
induced neuritogenesis
The addition of NGF to PC12 cells causes neurite elon-
gation through a sustained activation of ERK, a mitogen-
activated protein kinase whose phosphorylation is essential



Table 1 List of nitrated cytoskeletal-related proteins in PC12 cells grown on the TiO2 surface (20 nm rms)

Accession Coverage MW pI Score Description

%

P60711 94.67 41.7 5.48 1605.53 actin, cytoplasmic 1*

D3ZRN3 90.43 41.9 5.49 502.34 beta-actin-like protein 2

Q4V884 81.61 71.3 5.71 36.02 CDC16 cell division homolog

Q0V8T4 53.33 145.6 6.24 26.26 contactin-associated protein like 5-3

Q63164 75.47 514.7 5.90 265.33 dynein heavy chain 1, axonemal**

Q6IFW6 71.29 56.5 5.15 1004.55 keratin, type I cytoskeletal 10**

Q64715 71.12 198.4 4.84 61.81 microtubule associated protein**

P16884 83.21 115.3 5.85 25.20 neurofilament heavy polypeptide*

F1LSL8 77.51 288.6 6.02 108.33 protein Sptbn4 (spectrin beta chain, non-erythrocytic 4)**

Q9ERD7 68.00 50.4 4.93 373.64 tubulin beta-3 chain**

Q6PEC1 85.19 12.7 5.47 11.85 tubulin-specific chaperone A*

*Proteins which have been experimentally detected as nitrated also in previous studies (reviewed in [61]); **proteins for which nitration was reported for different
subunits/isoforms in previous studies as compared to the present investigation [61]; all the other proteins listed in the Table are identified as nitrated for the first
time in this study.
Coverage is used to determine the percent of the residues in each protein sequence that have been identified.
Score is the sum of the scores of the individual peptides belonging to a protein when analyses are performed using the Sequest search engine as indicated in the
Methods section. Searching for nitrated proteins against the rat NCBInr database (release February 15, 2012) was performed using the following parameters:
carbamidomethylation of Cys as fixed modification, Met oxidation, Tyr nitration, Trp nitration and Ser/Thr/Tyr phosphorylation as variable modifications, trypsin (2
misses) as protease, False Discovery Rate for peptides 5% (against decoy), nitrated peptides identified amongst the Rank 1 peptides.
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to neuronal differentiation [66]. As reported by Yamazaki
et al. [30], this activation occurs upon activation of NOS
and can be obtained also by NO itself, in the absence of
NGF, during NO-induced neuritogenesis. These observa-
tions prompted us to check if the ERK-signaling cascade
may be also involved in the differentiation process trig-
gered by nanotopography. We checked the expression of
ERK and its phosphorylation by Western blot analysis
using anti-ERK and anti-p-ERK antibodies. The results,
summarized in Figure 8, clearly show that when cells are
grown on ns-TiO2 in NGF-free media ERK is phosphor-
ylated to the same extent as in cell grown on glass or
on flat TiO2 upon stimulation by NGF. In the latter two
substrates the activation of ERK is almost undetectable
in the absence of NGF.
To further confirm the involvement of the ERK signa-

ling cascade in the process, we tested the effect of an
inhibitor of MEK kinase, the enzyme responsible for ERK
activation in the signaling cascade. As shown in Figure 9,
cells treated with the inhibitor display a significant sup-
pression of neurite outgrowth compared to control condi-
tions, both on PLL plus NGF and on ns-TiO2, and present
a behavior similar to unstimulated cells (PLL-glass only).
Accordingly, differentiation induced by NGF on PLL-glass
and by ns-TiO2 is prevented by MEK kinase inhibitor to a
similar extent, suggesting that the same pathway is in-
volved in differentiation process started by the two dif-
ferent stimuli.
Our data are in extremely good agreement with previ-

ous findings by Foley et al. [15] who described the in-
volvement of ERK in the differentiation of PC12 cells
cultured on synthetic substrates whose topographical
features act to modulate neuritogenesis under sub-
optimal concentration of NGF. Since NGF treatment has
been shown to up-regulate α1β1 integrin molecules in
PC12 cells [67,68] and integrin-mediated FAK activation
augments EGF/ERK signaling [69], they suggested that
the formation and organization of focal adhesions on
nanoscale features may cooperate with NGF to promote
neuritogenesis when the concentration of the chemical
inducer is low while it is ineffective at 50 ng/mL NGF
when the signaling cascade is already at its maximum.
This is in accordance with our finding that nanotopography
mimics the effect of NGF but it does not act cooperatively
with NGF to promote neuritogenesis. Based on our finding,
we propose that the perturbation of the actin cytoskeleton
caused by the surface nanoroughness, shown in the immu-
nostaining results reported in Figure 3B(A-D), increases
NOS expression and the NO-signaling cascade activation
as well as ERK activation therefore explaining the cell
behavior observed on nanostructured TiO2.
One question arises from this picture: how nano-

topography may increase NOS expression in order to
produce NO. Many data suggest that NOS activity may
be regulated by cytoskeleton at transcriptional, post-
transcriptional and post-translational level [59] and that
the cytoskeletal reorganization induced by extracellular
stimuli such as shear stress, hypoxia and drugs play
an important role in regulating NOS expression and ac-
tivity [59,70]. iNOS gene transcription is regulated by
changes in the actin cytoskeleton in alveolar epithelial
cells [71], glomerular mesangial cells [72] and vascular



Figure 5 Nitration of tubulin and actin. The expression of tubulin (A) and actin (B) were evaluated using the corresponding specific antibodies
in the Triton insoluble fraction of PC12 cells grown on PLL-coated glass (G-PLL), flat Titania (flat TiO2) and nanostructured Titania of different
roughness (20 nm and 29 nm rms) in the presence and in the absence of 50 ng/mL NGF. Tyr nitration of the same proteins was checked
following stripping of the membrane and reprobing with anti-nitroTyr antibodies as described in the Methods section. The results are means of 2
different experiments.
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Figure 6 Effect of iNOS inhibitors on neurite formation in PC12 cells induced by nanostructured TiO2 surface. (A-E): Phase contrast
photographs 20X magnification, Bar = 50 μm. PC12 cells were cultured on PLL-coated coverslips for 48 h in low serum medium (1% horse serum)
only (A), with 50 ng/mL NGF (B) or with 50 ng/mL NGF and 2 mM SMT (C). PC12 cells were cultured on ns-TiO2 (20 nm rms) for 48 h in low
serum medium (1% horse serum) only (D) or with 2 mM SMT (E). (F,G): Histograms of the neurite length mean and differentiation percentage in
the presence of iNOS inhibitor. Histograms of the neurite length mean (F) and differentiation percentage (G) in the presence of iNOS inhibitor
(2 mM SMT) for each condition shown in A-E. ** p < 0.01, one-way ANOVA with Tukey’s post hoc test.
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Figure 7 Ns-TiO2 surface nanotopography increases neurite length in human neuroblastoma cell line and triggers protein nitration.
(A) bright field and SNAP-25 immunostaining of SY5Y cells plated on glass, TiO2-flat and nanostructured Titania (TiO2 20 nm rms and TiO2 29 nm
rms); (B) bright field and SNAP-25 immunostaining of SY5Y cells plated on ns-TiO2. Insets show details of neurites. (C) neurite length distribution
of cells grown on glass (G-PLL), flat TiO2 or on ns-TiO2. Kolmogorov-Smirnov: G-PLL vs. TiO2 20 nm rms (p < 0.001), glass vs. TiO2 29 nm rms
(p < 0.001), TiO2 20 nm rms vs. TiO2 29 nm rms not significantly different, G-PLL vs. flat TiO2 not significantly different. (D) Histogram shows
Western blot analysis using anti-nitroTyr antibodies. The results are means of 2 different experiments.

Figure 8 Involvement of ERK signaling cascade in
nanostructured-induced neuritogenesis. The expression and the
phosphorylation of ERK were evaluated by Western blot analysis
using anti-ERK and anti-p-ERK antibodies, on PC12 cells grown on
PLL-coated glass (G-PLL), flat Titania (flat TiO2) and nanostructured
Titania (20 nm rms TiO2) in the presence and in the absence of
50 ng/mL NGF. Equal amounts of lysates (70 μg) were loaded on
SDS-PAGE and probed with antibodies as indicated in the Methods
section. The results are means of 3 different experiments.
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smooth muscle cells [73,74]. In macrophages it is
proposed that microtubule depolymerisation activates
stress fibers formation through regulation of iNOS gene
expression by actin microfilaments [75-77]. Moreover,
in these cells the interaction of iNOS with actin binding
protein α-actinin has been demonstrated [59]. Co-
localization of nNOS with cytoskeleton in skeletal
muscle cells optimizes NO production, improving me-
tabolism, elasticity and mechanical properties of the
cells [78,79]. Recently, Gupta et al. [80] demonstrated a
clear interaction between integrins and iNOS in modu-
lation of cell migration. Their results clearly show that
integrin α9β1 enhances cell migration through produc-
tion of NO by iNOS regulated by SRC tyrosine kinase
[80]. Moreover, the iNOS/SRC/FAK axis was found to
be critical in cell mobility processes in macrophages
[81]. Based on all these observations it is possible to
speculate that in the differentiation of PC12 cells trig-
gered by nanostructure the cytoskeletal rearrangements
may lead to an increase in NOS expression, NO produc-
tion and modulation of ERK signaling, similarly to what
recently reported by Miyamoto et al. who described that
nNOS expression enhances ERKs phosphorylation in
nNOS.transfected PC12 cells [82]. Modulation of the
MAK kinase pathway in PC12 by NO/NOS has been de-
scribed by several laboratories [30,83,84] suggesting
that NOS induction/activation is upstream to the MAPK
cascade in the signaling process of neuritogenesis. On the
other hand, numerous papers provided evidence that the
ERK pathway is required for the induction of nNOS
in NGF-differentiated PC12 cells [85,86], in rat aortic
smooth muscle cells [87] and in an experimental model of
brain stem death in rat rostral ventrolateral medulla [88],
while other evidences describe the role played by the
MAP kinase pathway in regulating the expression and
the phosphorylation state of eNOS [89-91]. Moreover,
Cragg et al. proposed, very recently, a model in which NO
is involved in the prolonged activation of MAP kinase
which then contributes to the NGF-mediated increase in
eNOS and iNOS mRNA levels rather than nNOS expres-
sion [92]. In summary, these and other findings suggest
that a very complex, and still partially undiscovered, recip-
rocal modulation amongst cytoskeletal proteins, NOS and
MAP kinase pathway (as far as expression levels, post
translational modifications and biological activity are
concerned) is involved in several processes, including
NGF-induced differentiation of PC12. The present report
suggests that the same molecular players are involved also
in the differentiation induced by surface topography of
nanostructured TiO2. More experimental data are re-
quired to exactly enlighten the mechanism underlying the
differentiation induced either by NGF or by nano-
roughness, including investigations concerning the possi-
bility that cytoskeletal changes may increase eNOS activity
and NO production which can then be involved in ERK
phosphorylation together with induction of one or more
NOS isoforms. Furthermore, our data suggest that nitra-
tion of cytoskeletal proteins may be one additional critical
mechanism active in cell differentiation.



Figure 9 Inhibitory effect of the MEK kinase inhibitor U0126 on PC12 neurite extension induced by TiO2 nanostructure. (A-E): Phase
contrast photographs 20X magnification, Bar = 50 μm PC12 cells were cultured on PLL-coated coverslips for 48 h in low serum medium (1%
horse serum) only (A), with 50 ng/mL NGF (B) or with 50 ng/mL NGF and U0126 (C). PC12 cells were cultured on ns-TiO2 (20 nm rms) for 48 h in
low serum medium (1% horse serum) only (D) or with U0126 (E). In C and E the MEK kinase inhibitor U0126 was added to a final concentration
of 10 μM. (F-G). Histograms of the neurite length mean and the differentiation percentage relative to Figure 9 (A-E). Histograms showing the
neurite length mean (F) and the differentiation percentage (G) in the presence of the MEK kinase inhibitor (10 μM U0126) for each condition
shown in A-E. Cells treated with the inhibitor display a significant suppression of neurite outgrowth compared to controls. ** p < 0.01, one-way
ANOVA with Tukey’s post hoc test.
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Conclusions
We studied the behavior of PC12 cells on ns-TiO2 films
in the presence and in the absence of the inducer of dif-
ferentiation NGF. We showed that, in PC12 cells grown
in the absence of NGF, the nanotopography of ns-TiO2
triggers neuritogenesis by stimulating the expression of
NOS and the pERK1/2 signaling pathway. By comparing
Titania surfaces with different roughness at the nano-
scale we demonstrated that the observed behavior is not
affected by the chemistry but only by the topography of
the substrates. Differentiation is associated to an in-
crease in protein nitration as observed in PC12 cells
grown on PLL-glass in the presence of NGF.
Altogether our data show for the first time that the

NO signal cascade is involved in the differentiation
process induced by nanotopography, adding new infor-
mation on the mechanism and proteins involved in the
neuritogenesis process triggered by the surface proper-
ties and suggesting that NO could be the “unknown”
factor produced by PC12 cells in response to surface
properties that Lamour et al. recently proposed in order
to explain the influence of nanoscale surface energy dis-
tribution on neuritogenesis [31,32].
As in the case of nanoscale chemical inhomogeneities

[31,32], our results define the role of nanoscale mor-
phology as a biomaterial design parameter to dissect the
molecular pathways related to cell adhesion and differ-
entiation showing that the morphological parameter
regulating the NOS pathway is the nanoscale morph-
ology. By comparing Titania surfaces with different
roughness we demonstrated that the observed behavior
is affected by the nanoscale topography of the substrates
which is dictating the signaling cascade originating from
the modulation of culture media proteins adhering on
the substrates.
This finding is highly significant for many applications

where nanostructures interact with biological systems,
for the understanding of cell-nanostructured surface in-
teraction and for the general understanding of the nano-
bio interface. In particular the use of surfaces with
controlled and reproducible roughness at the nanoscale,
as ns-TiO2, will allow addressing a major issue concerning
the physiological role played by NO through nitration of
cytoskeletal proteins in many cytoskeleton-mediated pro-
cesses such as cell growth and division.
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